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PREFACE TO THE THIRD EDITION 


The thini edition nf ‘‘Firndtimcntals of Vaeimm Tiii)es” folliMVH 
the general pattern of the 5ccond edition Imt willi oxtciisivc re- 
\-iKions of tlio text ninlmal. The most cxIensK-c changes arc in 
C’hnptcr 0, Aiuiio-freqncney Ampliliers, and in the chapter on 
modnlnloi-s ami demodulators which has Jwen Imokon down into 
throe chapters in the thini editi«in. 

In Ciiapter 0 the material on rcsistanec-conpled ainplitiers lias 
been almost, entirely rewritten. The ncwwliiion treat.'* the gain of 
the amplifier as a vector and thus takes into account ehnngos in 
phase Its well as changes in nmphtiide. Tliis provicle.s ii much 
hotter foiintlaiion for later work, esiJonaily in tiie traatment of 
feecl-!>a('k amplifiers. Video amplitiors «m also more fully covered, 
Inohiding some imalysis of Jow-frwiuciicy nnd liigh-frc.quency com* 
pcnwitingcirciiifs. 

■J'hc [K)wor-.sorics method of antilysts has boon rcniovwl front 
Chapter 9 and simpler molhods arc tiwd in llic development, of tlie 
erptalions for the power amplifier. The pmver-scrics meflnxl of 
analyslH is then fully covcral in a new chapter, Chapter 12. Tliis 
chapter maj’ he oinitterl by those who .are not inlerosled in ti gcnoml 
mathcmalicai npproacli to the prohlcjns of vuwmm-Uiho porfonn- 
aiiec and wlio are willing to skip over sonic of the inafhonmlietd 
troatmeubsaf modulation and UoiKslulation in Chapters 13 and M. 

Modulation and domodulntion are covered in sepamfo chapici's, 
instead of being studied together, ns in the second ediUon. 

As in the earlier editions, c-xtenave footnote reference-s are in- 
clndal to permit the .student who so desires to .study further details 
in the literature. The intent has been to make complete and 
arciiratc tlie matciia! prc-sentcd in this book but to lca\-c. out minor 
details and exceptions to normal opemUng conditions, relying iijion 
the footnote references to meet the needs of tlioso wiio require 
more nxlensit^e knowlcflge of any specific plienomonon. 

Slime thought was given to removing references Mhicli were 
more Uinn a few years old, hut it seemed to the imthor that even 
iihe older roforcnccs miglit prove of value to many students. 



Therfiforn all but a few of tho** which appear ia theseconti eciilioii 
also npijear in this thirtl\^flition. 

Early plans for the third edition incliiddd one or more chapters 
on ultra-liigh-frequencytubes and tbeir circuits. Fnrlhej- consider- 
ation l«i to the conclusion that rather the book would then become 
undesirably long or that the treatmoit of those tubes and circuits 
would have to be seriously curfauled. It was therefore decided 
to omit all diacusr.ion of ultia-hi^-frequency tubes and tijchniques. 
Many exeeUent texts are iinw uvnilaiilA deolii^ with the ii-h-f field 
alone, and thus may bo used to supplement the fuiiclniiicnLal 
studies presented in tliia boiJt 

Most of the problems of the second edition have been retained 
blit a number of ecvt ones have been added A frequent argument 
for providing all new problems when reviang a book is that stu- 
derilB may ullierwise nir.nre answers from those ivlio have used this 
book before It m thr aiilliui’s lichcf that junior and senior 
uiigincering titudenta sliould be suOiviently senous about their 
studies to woris out their oim problems regardless nf whether or 
not answers are available Tlius it seems dealtable to reliiin 
problems which have proved eatiefactory* in the past For this 
same reason the author makes .uiKwei- buolcs avtulable to all his 
students and every effort is hemg made to liuve en answer book for 
the third edition nvnilabb at (he time of publication. 

The mks rutiomihzcd units have becoine wiricly accepted in 
electncnl-engineenns work. Consequently they have boon gen- 
emlly employed in this third edition, although ega units have been 
relJiiiieci in a very few places where the sisc of the unit or general 
usage seemed to make thrir use desirable The niks unibs .‘shyiild 
ba assumed iinlnsn others nrc specified. 

Austin V. Eastsian 

Sesttle, Wash, 

Juli/, 1919 



PREFACE TO THE FIRST EDITION 

It has been tlic author’s intent in writing “Fiiiuhimcnlals of 
Vacimm Tubes” to combine in a sdagle text tlic hasio Ihcor}' 
underljnng the operation of all 131103 of modei'ii v'jicmim tubes, 
both radio and industrial, together iriUi Ihcir more common 
applications. In so doing an effort 1ms been made to avoid cither 
witing a text that is almost purely dcscriptb-c or presenting 
such a wealtli of mathemalinnl material a.s lo make the >cork 
unattractive to a large group of potonlLnl readers u’ho de_«irn 
only a basic working knowledge of vacuum lubes, Allliougli 
iiooks going to either extreme arc uiiqucstionabi}' valunl)le (o 
certain group.s. it is the author’s IwHef llmt these ncwls arc 
already M-ell supplied \rith excellent, tcxls. 

A knowledge of the basic laws of direct and alternating currents 
is assumed together with mathematics up to and including tlie 
simple calculus, However, the use of the cjileuUis is sucli (hat 
anyone unfamiliar with tliis bninch of matbemntica may still 
follow tlie essential points prasciilcd in this [,c.xt. Tliorcforo, 
although the book is deagned especially for senior electrical 
students in an cngioccring college, it is hoped that it may prove 
of benefit to other clas-sos of students a.s well as to pnicticing 
engineers. 

This book deals with the laws governing the operation of tbo 
vacuum lube itself instead of presenting a large number of 
circuits in which the tube ma3'’ be u.sed. Gon.scqucnt.ly circuits 
have been selected and rfescrflred only for the pur})OKQ of ilhislrnt- 
ing tlic operation of the tube and no attempt lias been made lo 
present a complete discusrion of sucb individual applications as 
television, radio broadcasting, etc., although many footnotes are 
provided giving reference to more e.xtcnsivo treivtise-s on the 
various circuits. It is bclim’cd that this mctliod of treatment will 
enable the reader to obtain a thorougli grounding in vacuum-tubo 
fundamentals witli a minimum expenditure of effort and will 
provide a groundivorlc from which he can readily familinrisie 
himself with tlie details of any special application by a little 



additional study For fJ>is reason the text s^tauld prove of value 
to anyone interested tn the electronic art whether m llie inrUistrinl 
or the comraiinicaticn fide!. 

It lias been the author’s cxpcnetice in teaching vacuum-tube 
courses at the TTniversty of tVasluugtou that often an othenvise 
excellent and convindng mathematical analysis of some iihiaiornc- 
non will be entirely ineoniprehensible to the student because of his 
iiHibility to see the objective luivard which the study is directed. 
To avoid tins pitfall the author has preceded many of the nistthe- 
mafical analyses in this test with a thorough verbal description of 
the phentanenn The abident can then follow the matheraatSca! 
development with ii mcatiil picture of the phenomena and so 
interpret the x'arious steps m terms of t!ic physical reactions that 
limy illustrate Thus, the mathematical treatises become the 
tools by which the more complex phenomma. can be understoorl 
rather lhau a thing apart, os they too oTlen become. 

The more fundamental equations in the tcitt hove been marked 
with an asterisk (*) following the equation number to assist those 
wishing to use the book as a referenco It cannot bo overem- 
phasized, however, thatgreaLcurciiitiet bce.\crciscd tosco that the 
equation selected aetuully covers tlie situations being studied, A 
careful perusal of the subject matter of the text just preceding tlie 
equation should safeguard against such errore. 

The author wdshes to express Ins appreciation to his wife, 
to whom this hook is ilcdicutcd, for her unfailing eacouragemont 
throughout the pri^anition of the manuscript, to Profussor Frcd- 
ericlc F. Terman and hir. D J. Thomson for valiuiblo suggestions 
and information; to the Gsoenil EIcctnc Co. for suggestions as 
well as for many illusrtmtjoiw, nod to the Westiughouse Electric 
it Mfg. Co., H. C. A. lillg Co., and Raytheon Production Uorp, 
for illustmlions. 

Austin V. E.^stman 

Seattle, Wash. 

Apnl, 1937 
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PART I 


BASIC CONCEPTS 



INTRODUCTION TO PART I 

The field of elccli'ical engineering has grown so wide in seopc 
that it is commonly subdivided into a number of smaller divisions. 
Of these divisions the two largest seem to communication and 
poiver. In fact many engineers have ilscii these terms soinowliat 
loosely to include ail elentrieal engineering in the.«e two (iivisions 
by classifying as power all Reids not definitely of a cuniniiinica- 
tion nature, If. is in this sense that (he terms comvtumcnlwn and 
communication engineering and the Icons jmrer and power engi- 
neering are used in this book, ulthouf^i in some cases the term 
is used instead of power. 

In its initial slage,s of development and application the vacuum 
tube was ciofinitoij- a communication device and not- a power 
device. This was due in large part, to the low ciirrenl-carryhift 
capacity of the eurlj’ lube.? and, pcrhaji.s, in sonic measure to the 
reluctance of tlic power engineer to t nist a device tlmt looked as 
fragile ns tho glass-cncloscd vacuum lube. Tlio development nf 
gns-fillccl ItibcB and, to a lesser extent, the frequent iiKo of metal 
envelopes in ])lace of glass have largely overcome theso haTriors, 
and today it is important that the power ongineor lie ns himiliar 
with the operation of vacuum tubes as the vommunitialion engi- 
neer. On the otiior hand, many upplications of the vacuum tulje 
that are of major importanee to the eomimmication engineer are 
of slight interest to the power ongineor and, convereoly, many 
power applications are of little interest to communication engineers. 

Tiiis book lias been divided into two parts in an attempt to 
meet these various needs. The material of Part I is intendotl to 
lay the foundation work forall who arc interested in vacuum tuhe.s 
from any point of view, since l)asic concepts are tlio same rogarii- 
less of wlictlior tlic Lh1)c is to be used for communication or for 
power purposes. In some csises simple cirenits and upplications 
are presented in this part to make clear I4ie jiurposc of certain 
tube constructions and designs or because tlie applications arc f-oo 
elementary or too unimportant to warrant separate treatment 
in Part II. 

3 
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I’nrt II IS flevoted to & study of tlie basic circuits nml npplina- 
tiouB of the vacuum tube Tlic firat two cliaptcrs (Clinps. 7 nntl 
and 8) describe tfiose basic applications and circuits uhich are 
probably of primary interest to tlie pm\cr cnRinecrj the remain- 
ing FIX present thoso wluch are of pnttiaiy interest to the com- 
munication engineer. Obviously it is impossible to make nr 
absolute aogrceatiou nloiiK miy sucli lines, tlierofore, jioivcr en- 
gineers may T\ell find inuoh of interest m tho later clioptorfi, 
especially m Chap 9, whereas, communication engineers ill find 
certainportions of the first twocliapters of value to them, especially 
the material in Chup 7. 

It may be desirnblo in ccrtnui vases to go directly into the miif c- 
nal of Part II after completing only ilie first four chapters of 
Part I, thus omitting photosensitive dctucen and S{ieciat lubes. 
Tina may rc.adily be done, since very little of tlic materml fn Part 
n IS based im thn last too dinpt<-rs of Part I, the»c t'vo cliuptcru 
being largely complete in tlicm'rlvos 

It IS suggested that students Focim* a copy of one of tliu liilio 
nianiiiila issued by leading tuixi nurniifncliircre, to Iki iiswl for mfi’r- 
cnee purposes 'I’he-w inaniiaM give tube constants, mtcsl vollagra 
and currents, and other valuable information. 
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ELECTRONIC EMISSION '''f* 

Edison Effect. Tiie vacuum tube may wcll^ J)C coDsiclcreii as ^ . ~ 
having liad its birlli iii tbc now common electric iainp. In ISSIl 
Thomas A. Edison was busily engaged in cndciivoring lo prochuie 
a belter, longer lived eicclric lamp Uian he had hitherto been able 
to produce. One of the experiments tliat he conducted for this 
purpose was the placing of a metallic plate in.sidc tiu! e\'acunted 
bulb. In tiio process of his experiment he conneclcd a galva- 
nometer between this plate and llio filament, 
as iu Kg. 1-1, and obsen'cd a small current 
flowing. He also obscn'cd tlmt, when the 
wire from the plate was connected lo the 
positive terminal of the filament Imtierj'. 
the indication of the galvanometer was 
greater than when the i-etum was made lo l.hr 
negative end. Tlvis phenomenon is known .‘is 
the Edimi ejfnci. 

Electron Theory. It was sm-enil years 
after the discovery of the Edison effect before 
seiontisls wore able to advance a. thooi-y 
satisfactorily e.xplaining this phenomenon. 

About 1900 Sir J. J. Thomson, ns the i.|_ (jirouii or 
culmination of several j'cars’ work, advanced oriRiiml ex- 

the electron tticorij. Briefly, this tlicory con- 
sidevs all matter to contain very small particles of elect, rieity 
called elcclrons. These electrons are apparently identical, having 
a mass of (9.1 05/5 rfc O.OOJ2) X 10“-* g and lui electric eliarge of 
(I.G0199 ± 0.0001 G) X IO->* coulomb. 

Lator studies indicate tlmt matter is aet«al!.v made up of atoms 
each of v'hidi consists of a poadve nucleus surrounded by one or 
more electrons traA’cling in well-defined orbil5. Eneh basic ele- 
ment hits a fixed number of electrons per atom, tlie number of 
electrons being equal to the atomic number of tlic element. Tims 
s 
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hydrogen has one electron, hehiim tiro, etc. Elements with liigher 
utomic numbert. have two or more orWtS in which electronn re- 
volve ivlii-reas hydrogen .and helium have but one. Under certain 
conditions of e'tcitafnn it is possible for an cientroii to be thrown 
from Its normal orbit into one farther out from the nucleus Since 
It requires cnerKy (o move the dectroii to the new orbit, the vari- 
ous orbits repjesent inennsing energj' levels with the lowest \evet 
adjacent to the nucleus An electron which has received ndcli- 
tional energy sufReicnt to cause it to jump from its normal cirhit 
to one of higlier energy level « unstuhie utiil will usually drop back 
into Its normal position In so doing it must, of course, lose the 
additional energy whi«di it had previously gained, and this energy 
is emitted in the form of radiation, including visible light. 'I’lnis. 
gases may give off li^t under certain conditions, a principle wiiich 
IS made use of in modem tubular lumps filled with neiin uv other 
mert gases This pbcnonicuou »a more fully dewnbed in Chap. 4, 

Some of the electrons in the outer orbit of an atom are not 
rigidly bound to the atom but are relatively free to travel around 
more or less independently from one atom to another. These are 
.ksmvn ns/rce etectro’’^ b'ree electrons are most likely to bu pres- 
ent SI hen the number of nlwlroiis lu the outer orbit is Icsh llmii 
the iua\imiiin luiinbcr which that orbit can acnomniodntc. Thus 
the inert gases each have a maximum number of electrons in their 
outer orbits, and not only Lave tiicy no free electrons but they are 
chtTTOcaliy mactivo ^’erlmn mnVcrinJs, aoch as copper, aluminum, 
nickel, nnd iron, have a rehilivt'ly large number of free electrons 
and are called eo7i<Iitciors. Others, such aa glass, dry ivood, silk, 
and porcelain, have relatively few free electrons ami ure kiio'\ n ns 
nt)7ic<ir,rf!ic/ors or tnf^ilalors (although certain insulators, such as 
gUss and iKirectam, Ixmomc conductors at higher temperatures). 
iVliile there is no absolute dividing line between these two classifi- 
cations, most matmals fall fairly definitely into one group or the 
other. 

The atoms and elet trons in any material ate ordinarily in rapid ' 
vibratory niotinn, the velocity of their motion being a function of 
temperature. In solids they are constrained within the limits of 
the malerial by a pctenlM harrter which inuintains the solid in a 
oven shape. In iiqtiids there i«inuch less siirfnce restraint, while 
in gaws there is none. 

\Mienci er an electron has licen rrmoved from an atom, it leaves 
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Uiat atom with a positive equal in magnitude to the chnrgc 

on the electron. Sucli atoms are known as poxilifc wiin. Tlicj’ 
are many times heavier than an electron and vaiy' vs-idoly in weight 
and sometimes in cliarge, depending upon the material that tiiey 
constitute and the method of ionization. 

If the terminals of a baltciy or otlier source of cmf l>o connected 
to two points of a material containing free clocirons, there will he 
a general, though velaVivcIy slow, movement of free electrons from 
the negative terminal toward tlie positive (h’ig. 1-2). 'I'he rale 
at which these electrons paas a given point- in the eircuil detor- 
mines the magnitude of the cMrfc current. If siiflicifiit- omf i.s 
applied to oanse 0.2*> X 10'> clectivmg lopas.snny one point in the 
circuit during the time of J see, a 
current of 1 amj) is said to he flowing. 

It should be noted at this pcfint. 
tliat tlie flow of electrons isactunliy 
just opposite to the usually assumed 
direction of of n posiiix-c 
current. It really makes lillle 
diffci'ence as to which direction of 
current flow is iisaumcd po.sitivc in 1-2. lllusirttiini: the (low 
. , , . . - , . of ••icetroim llirouith ft coiniurlor 

80 far as studying eJcctncai phe- (c<mvciiti«anl woi'fnVf dircetton 
aomena is concerned; so in Ihi.K text, <»fc«rm«'i (low i^oppofiitoto tlmt 
. , ’ . . nliown rorclectrmiir (low), 

as in most otliors, the positive 

direction of cui-rcnt flmv will he a.s.sumed froiri u po.sitive to u 
negative potenthil, or opposite to the direction of iioiv of elecLiona. 

Emission of Electrons. It is posable to increase t he cnenD’ of 
the free electrons in a conductor unt il thcj'arc aiilo t.o puss thi ough 
tliB potential barrier into space. Tligy are then said t.o Inn-o heon 
emitted. The four most common mclhotls of producing siieli 
emission, listed in their order of importiinoc, arc : 

Thennionic emission. 

2. Photoelectric cmis^oiij 
Secondaiy emissicHi.7 

4. Higli-field emis.?ion.j 

Thermionic Emission. As pretdously stated, Iho velocity of the 
electrons and atoms, as they move about within the confines of 
the material that they comprise, is dejmndent upon the tempera- 
ture. At a temperature of absolute zero all moiecnlar acthnly is 
supposed to cease. As Uic tempemture is increased, (.he activity 
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of the eleotrcna und atoms incnasos until a point is reached where 
the eleetrons have sufficient velocity to enable them to lironk 
through the potential l>airicr of the material. Tins ovaponiliun 
of electrons from the body of a solid at high f ernpcrnturcs is known 
as Ihcrrmornc emission The emission or evaporation of electrons 
takes place at a lower femperaturo than does that of the atoms; 
the mass of tiie electron being smaller, it reaches the higher veloei- 
tics necessary for cvaiioration nt lower tcmpcratnrrs than ilora tlie 
liKivier atom, ^licn tlie tmnperattire becomes hiRl\ enough for 
the atoms to c\’aporatc, t)«c materinl or solid that they compose 
rapidly disintegrates 

It IS possible to compute tlic velocity that an electron must 
attain in order to be emitted from any material. This velocity 
varies with the type of matcnal used. Tungsten, for example, has 
a work function of -I 53 volts; t.c , the electron must possess kJnetio 
energy in tlin amount of 4 03 )oules/coulomb m order to brenk 
through the potential b.srner, or, since nn electron lina a charge of 
1,60 X 10" ’* coulomb, 7-25 X 10' '• jotilc i« required for the cmis- 
aion of nn Elretron from tungsten Tho velocity may, llicrefore, 
be determined from llic following eriuation : 

Kinetic energy <l»l) 

where m * 9,1 X Id"*' kg 

« » 1 CO X 10-«»ciniloinb 

•!> = 4.5.3 volts (work fiincliun for tungsten) 

This yields a velocity of f 1.2G X 10* m/sec. 

OUiCT materials have different ^-a1ucs of work function, some 
higher, Bome lower. One might suppose that the matori.al hat ing 
the lowest work funcliun would lie the most suitable as a source 
of electron emission; but, as the emitting surface roust possess 
cermia mech.aoical features, thi-sisnot necessarily t nic Two out- 
standing nialeriiils li.nving lower wwk functions tlian tuugsleii urc 
thorium (3 35) and raleuun (224.), b«.t both vapotitc at, ttuqw^a- 
turcs that are loo low to produce Kutisfactory emission. 

Pure tungsten filaments, simiUr to tho-c in inc.andesccnt lamps, 
were used as a soiirec of emission in the early vacuum tubes. 
These operated at a tenipciatnn; of npproyimately S.'ino to 2000“K« 
■ the K Rtands for Kelvin To caaven frcir. dcRreea vuiiticm'le U> de- 
grees Kelvin requires t(* aeWiUon of 273*. e j., 22J7“C » 2S00°K. 
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and required a ciirrenl for heating purposes varying from 1 amp 
at. o volts for rei-oiving tubes tons high ns .52 amp !il 22 voHs for a 
lO-k\v power tulw. The comparatively huge ainoimts of jiowor 
required liy liio ciirly receiving IuIhb constiditcil a sfu-ioiis dr.iw- 
back to the ilevelopmenl of raulUtubc, soiisitive receiverH, espo- 
dally as itwasnccesiai'y to supply this power from storage batteries 
or dry cells. A five-lubo sot rccjiiircd 25 watts, tiiifl a 7.5-ami)-lir 
storogc bafctcrj’ would supply it for only Iti hr, 

'file emission etlicicncy (ratio of cmisaiou current to heating 
power) of a tung-sten cnJhodo is api>rosimaidy 5 to 10 ma/wnlt 
at normal ojiciating lcmperatJU«. Operation at. a Iiighcr lom- 
perature will, of course, increase the emission ctricicney Inil will 
shorten tlic life, whereas a lower Icmjicraturc will have the opjio- 
sttoofrect, In eommemnipracticcu satisfactory cc'mpronuBcmiiS)l 
be struck liel.wecn these two factors. 

Oxide-coated Cathodes. Experimenters working cm (he prob- 
lem of reducing (he power required to heat the cathode discovered 
that, if a pure tungsten fllamcnl was oonted with an oxide, its 
omitting properties \v(nild be nidicnlly ehnngetl. Corfain oxides, 
such us that of nitrogen, would greatly (linilitish it.K emission, 
whereas others, sticli as thase of calcium, strontium, and barium, 
would greatly increase it. 'WchnelL dcvciopwi a filament that, in 
Olio of its iiresoiit forms, consists of ajiickcl ribbon coated tvith a 
mixture of bamim ami strontium enrijonalcs euspended in a Kuit* 
able organic binder, lii jircpnring this typo of filament the. coaled 
ribbon is niountcil in the Uilje, and (he bulb is cviicuated. The 
cathode is first, iic.atcd to pcHia|>s 1300°Iv for a few momcn(.s t.o 
reduce the carbonates to oxides and drive off the binder. I'he 
Riirfnco is then activated by' reducing the tomiioniturc slightly 
wliilc u potential applied to Uio plate draw.? oi'er iho emitted elec- 
trons. This plate voltage is maintained until tiio emission lins 
reached its final \’a!uc. Altliougli tho avact moclmiiism by which 
this cathode produeo.s emusion isnot fully' undcrsleod, the uctiva- 
(.ion process apparently results in the reduction of some of the 
oxide to the metallic form from which Uie emission scorns to lake 
place. 

'Wlien finally fomicd this type of catliodc operates iit a tempem- 
ture of 1100 to ]200°K. Tins temperature should bo carefully 
maintained as either a higher or lower loinjicrattire will shor(,en 
the cathode life. Higlier temperatures will twiiso too rapid ovniK 
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ration of the surface while too low a temperature tends to cause 
concentration of the emission eurreat in small areas, where_ the 
tempomture will be raised to citcessive values and cause detenora- 
dcin of the surface even tbou^ the average tcnipomlnre cpf the 
cathode is subnunnal, At normal temperature the emission, effi- 
ciency js approximately SO to 150 mn/initt. 

Thoriated'tungsten Cathodes. Another type, knoim as the 
Ihonaicd mthode, w.ik de\-eloped by Langmuir* and Iiis ussoiiialns 
It M mndn by clisoolving a smail amount of tliornm oxide and a 
little carbon in a tungsten filament. The filament is first Sashed 
at SSOD'K for 1 mm ti> toIum. some of the thorium oxide to tho- 
rium, then “[ortned." or activated by being operated in vacuo at a 
tomperature somewhat aboi e nonnal, usually at about 220()°K ’ 
At this tomperaturo s<Kne thonufn worloi its way to the surface of 
the rilamerit where it deponli- in a layer I atom deep. If the 
process is continued indefinitely, more thonum is brought to the 
surface, but the layer is never more than I atom deep, the ailili- 
tioncil thorium irctc.Iy liisplncmc; some that h«« ulready formed cuid 
eo gradually reducuig Uie supply of this metal in the cathode. 
This cathode is ordinarily operated at a temperature of about IS50 
to 2000'’K Like the oxide-coated cathode, it should not be oper- 
ated At tempcniUircs cilher nbove or below tlie ruled value if 
maximum life expectancy is Li> bt! realised The emission efficiency 
is approximately 40 to 100 ma/watt. 

The einifiSHin uf the tboriated filament remains normal os long 
as the layer of thorium is intuet; but tis fho iiiitliodi^ is used, the 
thorium iS gradually dissipated, and lifler a ppriorl of time the 
emission begins to drop. This decrease in omission is not directly 
proportional to the liccrrase m area of the thorium coaling but is 
much more rapid. For example, xvhen the thorium coating has 
been SCI rcihiced as to cover only about cmcvLalf of the mithwhi, (Uc 
emission ii'ill havr decreased to less than 1 per cent of its maxi- 
mum. The minimum Kniisnon bcloiv which & tube is not usable 
rarie.'i iiitJi different tubes but is usuuUy specified by the manu- 
facturer. 

Carbonisation of Thoriated Cathodes. Both tboriated and ox- 
ide-coal cd cathodes are particularly subject to injury under posi- 

‘ I. LatiRtnuir, Th« QectroD Kintsston from Tboriated Tueggtea I'lla- 
meotB, J’fiii, rics , 22, p. 357, 1023. 

* All other electrodes in the tuhealioultl he cornecti'd to the cathode or 
left free duriuR this jiroeeas. 
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t.ivc-ion bonibarcltnent, especially Uio latter type. B}' a prono-s.^ 
known as carbo’iisalion. iliori»tc<l ralJioflfw cjiii bo proloctcd con- 
sidcfably ngitiiist. such hombaitlmcnt and against loo rapid evapo- 
ration of (horiiim at hiRher cathode Icnipeniture.-;. Before being 
activated by the procpdnre dp.sc.rilii’«l in (he procediiig section, (he 
cathode is opci'nied ata Icmperatnrc of soiiunvhat over lf)00°K in 
the vapor of some hydrocarbon such jus iiaphthalciip, l)pnzenc, or 
alcohol. The moiccnie.s of the vapor deeompoW! upon .striking (ho 
hot cadiodc and dcjrnsil. tmrbnii. whirh llicii pomhiiics with (lie 
tungsten tofonn tungsten earhide Sinrelungslen tvirblde 

is riuito. brittle, gient care most bn 
taken not lo carry (he proep.«.« loo 
far, iihoiit 3 per cent carbon Iwing 
satisfactory. 

The ovaponition of Ihuriiiin from 
n carbonised palhode is only about 
16 pev eenti as great, as that from 
one not ro treated. It is theivfore 
po.ssible to incmisc tho oiieraiing 
temperature of llio treated catborlc 
and 80 incro.ase its cini.'^sioji cfli- j-„. cireuit for ttfiierminitiK 
cicncy. Most liigh-vollaRc (iil.x!.s iIh- cmii-iiion unci Hiiiicp-cInirKn 
arc supplied with carbonizwl, '‘ln>rnctei-iiiiic.s o » Miruiiin tn jb. 
(horialcd-tiiiiKsIcn cailiodc-s iiisicad of purer (unRsfen as formerly. 

Measurement of Emission. Tho oml.*sion of a liiito may bo 
determined experirncnlally if it is thought to Ire dolicieiit. A .suit- 
able circuit for tubus with thorialed or (iinRsIcn filaments is shmvu 
in Fig. 1-3. 'f'he caihoflc is Jicaled by a battery as .shown or, if 
preferred, it may be bpsited by altPriialiiiR current. A vo!(inL'tc.T 
is eonneeted }iero.s.s the lermitialH of the filanvoni, mid a rheostat is 
inserted so that noimal A'ollagp may l«; supplied lo the tiiamont. 
The plate of the together with tii«! grid or grids, if iiny, is 
niiBorl ton liiRli )»rwitive potential by means of a ti-e .source marked 
li in the figure. Tlic esaet polcntml of the plate with referoneo 
to the negative end irf the filament is mdieated iiy a voltmeter as 
shown. A miliiaminelt.T inserUai in the jdnto lead iiuiiealc.s the 
total plate eiirreiit; f.r., any elect ron.s emitted l»y the cathode and 
passing over to tho plate nui.st flow back to tho cal.lmde through 
this milliammetcr. The potential of the IS supjily i.s made siifli- 
cicntly high ihal- all deetrons emitted by the cat hode will be dra\\ n 
over to the plate and none, iJiercforc, will fall back into the catli- 
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ixlo. Tliu? the plate current and tho f3iiiS<iion euirent jire equal, 
aud the ammeter then indicates the total eratssiem from tlic catliode. 

Tubes having oxidc-eoaled csitborlos eltould not be tested for 
their emission by the foregoing moUiucI. as the very high emission 
currents that will flow are uqurjoas to the emitting surface. One 
method that has proved satisfactory with this typo of cathode is 
to apply a short pulse of plate poteiiLinl and record the emission 
current photographically by means of an oscillograph, the period 
of current flow being too short to cause appreciable mjury to the 
emitting surface. For most purposes, however, it is satisfactory 
to Liiicnito the cathode at below normal voltage and observe the 
cmis-^ion current by means of an amincter. Comparison of this 
current witli that of a new tube of the som« type, operating at the 
piime reduced voltage, will give a good indication of the degree of 
normality of tho emission of the tube under test. The rediiotion 
in cathode voltage should be sufficient to limit the emission current 
to not muoli over the normal pl.aU-current ntting of the tube. 

Another difficulty encountered in testmg the emission of osirin- 
coated cathodes is that the emission is apparently incrouecd by uu 
increase in plate potentbl. This is due to the irregular surface of 
tho emitting material which produces small pofikiitK from which 
emission currents will not readily pass except with vuiy high plate 
potentials This phenomenon may be more readily understood 
after a discussion of space-charge effects in Chap. 3 (page 43). 

Tubes having thoriated Slnments that are found to have too low 
an emission may often be rejuvenated, liow emission is an indi- 
oiition that the surface layer of thoniun has been partially dissi- 
pated. Generally an additional supply of thoiium is still dissolved 
ill the filament ui the form (rf thoniim oxide which may be brought 
to tlio surface, reduced to tbonum, and made ai’ailable for u.ie by 
raising the temperature of the filament temporarily, To do this 
the original activation process js repeated.' 

. A-C Heated Cathodes. Neatly all lubes with rated plate viilt- 
age of less than about 1000 are built with th« oxdda-RO.atcd. eatho'le 
of tVduicIt both for economy of opeiatiiui and to meet the modem 
demand for tubes, the cathode which m.ty bo healed directly by 

' Flirgliingtptnpcroturcs sue obUmedhy applying about 3>^ times normal 
lilamcnt voltage.' and forming sw aging temperatures by about tiuiea 
nornisl volt.igo, Flashing is not rn-ommended for tubes haviijg lilamisnl 
voltages highnr than £. 
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raw (mm;cfific<l) fiUariialingcurroiil. The of alli‘rji!tti!i!i ciu'- 
rwit creates a (lemaiitJ fora calhwJc in wiiieli llie teinperutiirc will 
not respond cjiiiekly to cl)aiiRri5 in filiiinciil ciin-enf. 'Die oxide- 
coated aithode tvilisfie.-; this (lemaiKl more fii% limn <'ilher tlie 
luiig.stcn or the tluirialcii cathwlrs by %'irtH(; of its lower opeml ing \ 
temperature and eonvMjuenI lower rate of heat dissipation. 

The oxkle-eoatcd cathode is made in t«-<i forms; (he filariietilary 
type anti llic intlire.elly healed Ijirc. Filninentan- calhotles ti.sii- 
ally consist, of ii rihhoii of tuiijisten, nickel, or konal‘ mated with 
the oxide. Indirectly heated cathtHlcs. which are fur nmre eem- 
nionly uhs! (Iiaii the filumciitarj* type, may ho constnudiMl as 
sliown in Fig. I-J, where the eathodo 
sists of an oxitfe-iturU’d, nickel cylinder, I 
liKilcd by u scptutilc wire or heater eariy- 
ing the heater ctirrca^l. It is a eylintlrical 
Iticco of rofntcloiT n»aleritd endo.'ietl by a 
tubular sleeve of oxido-coaterl nickel K. 

This cj'lindcr is healed from witliiti tiy tlu; 

heater //, cotisisling of a ItmK.stcn wire op- (eeo%^% 

oraf-ing nt a temperature cottsiderai»ly liiglicr ey/'/rtffV) 

than that of tlio emitting .surface K. The 

temperature of sueli a eallKxle is nnxisually _ 

constant and entirely mdeixjndcnt of tlie. y~~~| /-g-grfrOT^ory 

cyclic variation of tlie allcniating cumnit I ] 

in tlioiioftlor wire. Fnrlhcnnoi-o, all points 

of the emitting surface arc at tlic same |ki- \athea’cieoc/ 

tenlial, wlicre.as in a filamentary caihude, i-t, Imtirccily 

where the heating current flows directly •“’•'iv'’ h''iH'<ire;inieai;. 

through tljc emitting malcrad, tiicrc js a ilifferenee hi potential 

be(.wecn any two points in the filament <l«c to t he III drop. Sticli 

difference in potential tends to cause an allerimting ripple of t wice 

the frequency of the heating current to appear in tlie plate tnineiit. 

of the tube. 

-._^^aws Governing Emission. One of tlic earliest. invc,sUgal,ions of 
the la’.i’s governing the omission of electrons from hot surfaecs was 
conducted hj’’ Ilieharrlson in IflOl.* tHc^fcv.elop(^cl an etiunlioii for 
jeiec(.ron emis.sior by analogy tvilji. the cvapo i-alion of nloms fi-om 
tric’'6uiTaci”^ a TIiqu id. later a modified form of this etiuation, 

‘ Kona! is an alloy ot jiickd, colraU, iron, n«ij titiiiiinin, 

* 0. W. Richardson, Ptm. Camtiridgo P/til. Soc., 11, p. 280, 1001. 
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onKinally snKgcstrd hy «ie-hards«i, mit proposcil by Diishman,' 
vho p\xs’ 

J = AT*-'? 

nhoro J = cmi'iiion i-iirrcnt €len'=rty "i amp/sq m of hot surface 

T = tonun'ratiiic of hot suriiux, decrees K 

A = eon'tanl 

^0 = where # = HKrhardFon's nork fimction, volts; 

c *“ cJrrtroiJ cha^t, i-oulonibi, and k = Boltniiiinii’s 
constant (1 3SI X lO'^ joule/clcg K) 


Tabu. 3-r 


Maicri.il 

1 

#, V(JtB ^ 

•1, am[’/»ci m 


20.000 

2 2t 

«n 2 X 10' 


1 21,000 ' 

t 61 


N’lrkel 

32.100 

2 77 

20 A X 10* 


ll.fW» 

1 00 

1 0 X 10« 

riatinUlR j 

' 69.000 1 

6 09 1 

no 2 X it>‘ 


1 47.200 1 

4 OT 

00 2 X 10* 


1 3.3,200 

2 SO 

13 6 X 10* 


1 S8.000 

3 35 

U> 2 X 10* 

Tiingatcn I 

[ f.2.400 

1 a 

OO 2 X 10* 


* laftim Cdk>'n tnrff] OitaJrnaAO, /Irr £no . ft. a IIKr, Jt'iSy. tOtti and trom !■ ft 
hullvr, ' Tlie l'Ly>i'i ol Cl»-liea TMtm.” MrOra* ilill Bo»k Conaany. toe N'evr York, 10S7 


Kipiation ( 1-1), t'Dtnmunly known as Du^Amun’e c?i(Q/joa, is genet- 
ailj' i-oncoded iwlay to rcpix^-nt accurately tiio law of tliermionic 
cm)'.v7on * 

nicharil'on’!- work function which is included in the constant 
Im of Ik; 0'-), u the same factor that appeared in Eq (1-1). 
Some common values of 0 nnd of A are piven in Tabic 1-1. 

roTtliorialfai UiTnpArn, A isafoncVroii i>t the urea o5 the cathode 
« inch IS coverc<l wilii tliorium, bring nlioul 15.5 X 10' for a normal 
]eathode. As the amount of tbcn-ium decreases, .-I tends to in- 
erea-r, approachinK tlw value for tungsten, CO 2 X 10* as tluj axca 

• Sml IJijstini ui, KIcrIrirn llniis«ion frum ^Irtnls A* a Tunetion of Tem- 
r'miurp, r/i/s Afrr.. 21, Itm 

■ i^rf Preface 111 Ihe IVil Cdituin for innniii{;or • nfler cqimtions. 

* For Ik more ttiorr.uuJi drvusiuin of tlic factors affeeling Tq (1-2) than 
tl) u aliic!) follow a, ree Saul Ousliman. Clertratue Ilmisiiun, fCUe Ens 63, 
p. 1051, Julj-, ID31. 
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covered by thorium, approachea zero. Dt.jnighl..ljc f-hought from 
Eq. ( 1 - 2 ) that this wo uld in«ticatc im increiisc in cmiwiion us the 
amount of thorium doorea^, but it must be rcinemi)ci'ci 5 that ho 
also mc renscs fapi eny^.' and this latter f^t^r is much more olTectivc 
than Alu detcm>i[img,lhe cmiwdon. The omission, liicrcforc, falls 
b’g_VaDidlv~vith.Jft.ss_crf.the .Uiorium siirhiw.^ It has also been 
foiiiici tliat hr, will iiicrotise as the density of thorium covering the 
surface increases above .i certain optimum point. Maximum emis- 
sion seems to occur when the surface is approximately “o i>cr cout 



covered. 

While ho may be computed from 2000 
tlie forcgoijig information, it. is usu- ^itsp 
ally doterniined <iir(H;tly from cx- ^isoc 
porimonttil dat.a. This is done by 'Jitoo 
measuring liic cmisinon of an ex- eiopu 
pcrimental cathode at various 1 cm* J 750 
peraturos and plotting log. J/'P 500 
against l/T. The negative sIojk^ <" 
of tlic resulting straight tine is h« and 
the intevoept. is log. A. Values of 60 
are given in Table 1*1 for some of Fm. I4. Mmissimi num's fur (lie 
the more common materials. IHiHripaj lytw* of eniiUerB an dp- 

, • icTmuird l»v hq, (1-2). 

The curves obtained by applying 
Eq. ( 1 - 2 ) to each of the Ihruc types of cmitlm previously de- 
scribed are shown in Pig. 1 -. 5 . These show tliai the emission current 
will increase oxponontially without limit as iho tomperaturo is iti- 
ereasocl. In practice the current l.hat may lie obtained from a 
given cathode is limiurd onlj’ by the length of ciUhodc life desired. 
In Fig. 1 -G the curves of pig. 1-5 arc rcploUcd 011 power-emission 
paper' with filament power Jis absci.ssa and rajlliampcrcs of emis-sion 
as ordinate, the crosses indicating tlic maximum emission oblaiti- 
ablc for each lyiie of emitter witli a normal life c.\poctancy.= 
la prautiee the peak plate current demand should not exceed 
one-third to one-half of this maximum vahio. 


' Tills paper is sold byKcuflel and IDascr, under tlio imtne “l*i)\vi;r-cmiB- 
sion Clmrt.” The use of Uiis spccinl type of cnias-scclioii pjipnr results in 
straiglil-liiiD etnisaiim olinraclerislics. Tlius two expni'imentni I'jiluo.s ivil! 
doUirinine ti curve, nnd one or two more will pruvide iidcriiiaLo eliecUs. 

^Poak cmisHieiisQsliiRtinsSOanip/sqcmhnT'cheoii nbtniiicil from oxido- 
roftiod caihodes, Iml 0.5 amp/sq cm is n bettor ficuie for c.oiii.imKni.s oprrn- 



of rcioriiinatca is so drawn ns to produce btruelit lines for each emission 

llic foiling electron collides so that Ibeso will receive a» itiurease 
in Ivinetie cretKY. If thovelocity and, therefore, the idnelin ciierKy 
of Ihc iinpiu'ling electron are sufficiently hiRh, one or more other 
electroivi niny receive sufTicient energy to overcome tlin potential 


tioii ScRjohnE Gotham, Electroii Tubes in World War II, Priw fRE 
35. i> 233. March, 1047. 
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barrier ot the mo(>al plate and so he emitted from the surface. This 
pbenomoiion is known as secondary emission. 

Seconduri' emission is not commonly used as a smirce of elec- 
trons for useful jiurposcs, although there arc a fo«' npi)licat.ions, 
such as the electron multiplier (page 151). Nevertheless, cmis-sioii 
from this cause cx-isfs at the anode of all vacuum tubes. LGcneraUy 
the .electrons .emitted are attracted haeJe iiilo thp.anodc again by 
its positive pofcnthal and, ihcicforc, have no elTeet upon (he opera- 
taon'of ^le'tuhe} hut if there happens to he u sccpiid clciUrncle, 
cTos^ti^thc snirrCB of secondai^’ cmisSoh, Imving a higher posUivo 
notentiai tlmn tiiis soujec, the sccondar> '-cni issioi3 elcelrpn.s M’i!) 
tend to How to (his^^ionci electrode. I'liis may readily luippon 
lii'tRe foty-clecUwle (totr^^.fiK'fci lhc<lc(riinent of ifsjicrforni- 
ance as an amplifier, the flow of sceondaiy olcciT-ons iitroj/ fi-oin (he 
plate actually being greater, under certain conditions, tlmn the 
flow of primary electrons to (he plate. 

The effect of senondniy emission in these Inbes mny he nullified 
by the insertion of an a<ldjl.ionnI, nrgatioc elcclrode biUiWecn the 
two positive ones. Ti)is negative potential will drive nil sccondiuy 
electrons back into Uic surface fronr whicU they were cmillcd J»!rc! 
so obviate the difficulty. It should he nolcfl, however, that the 
secondary emission is not eliminated but is merely prer^cnled from 
reaching any point where if. will Interfere with flic operation of (ho 
tube (see <lifiCU8.sion on the pcnlwlc, page 7S). 

High-field Emission. Eh'cl>rons may be c-vlr, acted from a con- 
duoting surface! by the presence of very high cieeti'ic gradienfs, of 
the order of 10* volts/in or h^cr, although such action freciucivt ly 
accompanies some other form of emission, as in the merciiiy-ai'c 
tube. The extremely high gradients required iisimlly exist, only 
in a very thin sheath on the mirfacc of the catluHle. a common 
source of Avhich is the podtive ions present in gas-liilod lubc.s (see 
the first few pages of Chap. 4). 

LilJelL-inteiisjty fields _inay_ also, be^produced liy rel;H.ively low 
jjotentml (hffeienccsjf t^ dwtrodes ure propiivlj' sluipcd. If, for 
example, the cathode is conslnicicd of a vcr>' finu wire, the ini- 
incrlialely surrounding electric field may he very intense. JCniis- 
. due lo^high field intensities is iiKicpondoiit of the 

temperature, and is given hy 


J = a€^' 


(1-3) 
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where J = einiFRion current density, 

6 = field intenai^. 

(2 = a constant 

/>» = 6/6, where h w a constant 

- Photoelectric Emission.' Liphtstnlangthesiirfeen of materials 
may cause an emission of electrons 'I’his pheuomeaion is known 
as phctocMnc emisnon It was diwovcuKl by Heinrich Rudolph 
HerLz in 1887 but could not be put to any commercial purpose foi 
many years because of the- small quantity of electrons liberated. 
With the development of vanium-tube amplifiers these small cur- 
rents could be iiiiiplified and the photoelectric effect used to con- 
trol many diHeront operations Today the photoelectno cell, nr 
"eleclrio eye” as it la oftai referred to, has revulutioiiised the 
niotion-picturo fiehl, made poasibic facsimile iiiul television, and 
provided a means of performing a large iiiiiiilier of other processes 
such as color selection, burgliu ivlivrine, uud automatic control of 
lighting 

Hertz’s dtscoveiy of the photoelectric effect came during the 
conduct of a set of experiments on spark dischnrges. The experi- 
ments required the operation of two spark gaps, the discharge 
across one of which was bemg measured Hcitz noticcci tluit tlie 
Hisislmrgc across the gap under obsen'ation occurred more reiulily 
when it wnA ilKmiii>ivleil by the discliargc across the second gup 
than when it was not so iDuminalKl Fiirllior experimental work 
also showed tliat the effect was produced by the iiltmvitilet radia- 
tion from the second gap and that this radiation must fall upon 
(he negative electrode of the gap under test 

EUter ami Cioird and others invest^ated this piienomenon 
further and finally cstnblished the fact that the cause of the in- 
creased discharge across the gap when illuminated was the emission 
of electrons fiom the illimunatod surface. They also found that 
with certain of the alkali metals, such n-s bodium and potassium, 
electron mussion could be obtained by illuiiiiniition from visible 
light and even by infrared tadtwlvan. This, lutter draovvxy Iwwl 
the foundation for most of the photoelectric applicatinns of today. 

Theory of Photoelectric Enussion. ' ,One of_the. ,in ost striking 

' An excellent history of the dincnvery of photoelectric ernLiiiou and of 
tUo devetopment of phototubes (includins an extensive bibliography) is 
given by Alan M. Glover, A Review of the Development of Sensitive kholo- 
mbe*. Pro,-. IRB, 29. p. 413, Aueust, 1941. 
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results of the early experimcntin e _t liR. cliscoyen\ (liat the 
maximm \''elocifcy of the mii^^elecjrpns H-as.cnjirolvjnclpjJCiicl- 
e^t of’th£in\e^sity of the impinging light ij^ut 'vas a function of its 
wavelength. ^Tne term hffAf as used in tliisdiscus.'^ioii is inlcnciecl 
tcTincIucle aH radiiuit energy producing pliotoomissicm and not 
merely visible light) This was eiiUi^y coni lary U> thc.cUissical 
wave theoiy of radiant energy, since under (hnt timory_jh(! amount 
of CTcr^ fibsorbe'd'by ’and, t liei ^orc, the yelncily.of .emijisipn of 
the electron should have been directly proportional to ibe intensity 
of the impinging light. Compnfntioiis iiidiciitnd tluil, with light 
of oi^iiiaiy intensity, an electron would have to he illuminaied for 
hours before it could aixsnrb a suRicient amount’ of cnergj- to be 
emitted against the polonlinl barrier of the material within wjiieh 
it was contained. Bxperinicnt, on the other hiiml, showed that 
emission started insUntly with the iUuminut.iot) of the suifnco. 

As in (he ease of thehnionic «*mjs.sion no (ixphination for the 
foregoing phenomenon wa.s found until the development of n now 
theory. In 1905 Einstein appIicKl Max Planck’s qimiituin tlioory 
and Bpatuliitcd that mthunt onorgv cxi.s(od,ii! ,smnl} cliunks, or 
photons, .rather th.an in n. conllnuoii-e flow. ns in (he wave Ihoori'. 
"TThese-photoas contain. n definilo amount. .of onergj',. proportional 
to the.frequency of the radiated wa^, l>eing equal t o a corUain con- 
stant h, multiplied by the frcqticncy. r. This consfant. (known as 
PfonchV constont) has been evaluated by u number of experimenters 
and determined to be (f).6234 ± 0.0011) X 10**' joule-.^cc,* 
Einstein .applied ibis theory to ph<tl«eleol r»c emis.<i(in by nsaum- 
ing that an electron can receive encrg>- from tlie impinging light 
wave onlj' by absorbing a pliotoii. 'I'lius the majority of olcolrons 
in an illuminated siufacc rccnivc no cnergj- whalsar;\’oi-, but those 
which are in the patli of an impinging photon receive suffieient 
energy to be instantly emitted, provided (he cncig^V eon(ained in 
the photon is equal to or exceeds that which the electron loses in 
passing through (he potential barrier of Uic emitting material. ■.If 
the,eleetroaha9.2ero vel ocity allhc.timc i|. nb.soi'bs.a ])hoton and 
.3.counter5.no .eolHrirms befor e being emitted, itK_ energy content 
afl}er e mission . shouhCfac_Umt of. Hie..pliolon (//;') "less (he siirface 
woH£_(^e), of the-eniittingaiufaoe, .or 

Mmo* = hv ~ 4^ (1-4)* 

’ Revs. Modern Phus,. ZO. p. 106, 1948. 
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where m - mass of an electron = 9.1 X 10 “ hfi 

V = velocity of rmis'uon of the electron, m/see 
= Planck’s constant = 6.62 X 10~*' juiilc-sec 

V frequency of the. iropmffng light, cycles/seo 
0 = work funcliou of enuttmg surface, volts 

e = charge on nr> elentKm = 1 60 X 10”‘® coulomb 
Threshold Frequency. Refciring to Einstcin’.s uqimtion, it is 
evident that the vchicity of emi^ion is just zero when hv = 0 c; 
j.e., when the energy of one plioton is just equal to the ciiergy lost 
by the eleelrati in being omitted iTIus latter cncrgyjs a^im-Lion 
of the emitting material, since experiment has ahowr tlnit for every 
liintl of emli tiug maiotal there is a definite value of * which is the 
same ns that for thermal emission- 
Evidently, if <t has a definite value, there must be some frequenoy 
of light below which no emission will lake plate from any given 
material, This frequency is known as the ihTcshcU /requrnej/ end 
Is given by Eq ( 1 - 4 ) when 0 = 0 Millikan performed the first 
conclusive experiments to deterrainc its existence and so provide 
some verification of Einstein’s equation. By a series of tests he 
demonstrated conclusively that, for any given photoelectric mate- 
rial, 'there is 0 definite frequency of light below which no e missio n 
will fake place no matter how great the intensity of the light iJr 
lujNv long it may be applied 

Photoelectric Emission from Composite Surfaces. A more sen- 
sitive Kiirface and one that will respond to a longer wave length 
may he obl-ainetl by pre-paring on a metal base a surface layer com- 
posed largely of Ihe ovule of an alkali metal plus some of the free 
dkali metal Oiio of the most common emitters of this type is 
cesialed silver, formed by shaping n silver (or silver-coated) sur- 
face to the desired form tind then cleanmg it thoroughly both by 
solvents and by heut-treatment in a vacuum. The silver is theft 
oxidized by admitting a muill amciunt of oxygen and initiating a 
glow discharge betwerm the silver surface and another electrode. 
After the oxidation lius pninecdod to the desired point, cesium is 
admitted, and the tube is ll»en baked at a temperature of about 
2CX3 C, The resulting surface apparently coc.sists of cesium oxide 
interspersed with silver and c»sium, with a monomolccular layer 
of cesimn over the entire surface It is often referred to symboli- 
cally as Cs-CsO-Ag 

ESect of Light Intensity. A-? was pointed out in a procedlnv 
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section, an increase in light inlensitj' cjuises aji.jtiercaspjn. emis- 
sion but, not in nm-\inium velocity of em ission. Aceoi'cliiiR lo the 
Ihwiy’an increase in light intensity means an ineicase 
in the number of photons and, Uiei-efore, in the niiinbov of elect Tons 
that can aljsorb onci'gj’ and l)c einittctl. 'I'his velalionsiiij) is a 
direct proportionality so that the relative intensity of a light beam 
may be determined by ohsetving the emission cuiTcnt produced 
from a given surface. The principle is made use of in many mexiern 
applications such as photographic metem, illuminiitioii meters, 
souud-OD-film talking picture, and facsimile;. 

Spectral Selectirity. It might seem from himsfeiii’K cciuation 
that all materials would be sensitive to any liglit having n frcc|ucncy 
higher than the threshold value.. 

As a matter of fact this is not 
the case, the cur\'c of enii.Mioii vk. 
wave length for most materials 
liaving one or more pc-aks (Fig. 

1-7).' This phenomenon is knon n 
ns spnciral sclcclivitjf. LActiinlly 
li hn r os imnsn o f most .cmittcmjs 
ulsp^tTectec! by_j5o!!».riM(;ioii_of 
the liglit, bc’mg more rcsjuiusiyo 
to o 'ae difb'diidn^of pplnriza.t,joti 
t han the olbe r. 'llus phenome- 
non is loiown ns polarization 
sclccliuiUj. In most- commercial 
tubes the cmit(,iug surface is too 
rough to poiTOit any differentiation hetweeu thi.s jihonninenon 
and that of spectral selectivity. 

Most of the energy in tlic usual sources of artificial light lies 
toward the red end of the sjjcctrum. IiispcrXion of Fig. 1-7 loads 
to the conclusion that cesium is the most- .satisfactory' material for 
phototubes tha1, are to bo used witli such .sources of light,, since its 
maximum response is more neariy lowarrl the red tlmn that, of the 
other elcineuts. For some lime cesium cells were used almost ex- 
clusi\'Gly in commercial applications. 

The development of composite surfaces (c.g., the cesiated-silver 
surface described in a preceding section) has produced phototubes 
M'itli response running well into the infrared. Such cells com- 

* 1 angatrom =■ meter •= 10 ^ micron. 



Fio. t-7. Curves tllusinUiuR 
llie <iiicctrn! soiceiivily of vnpious 
(>liol<M3lci:lric iniiteriivls. 
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moaJy have h Hireshold wavelengtii as loiJgns 12,000 or 13,000 A, 
and special emittera ha\obccn ct>nstnicl«I respousive to 17,000 A. 
Composite surfrice.H ii'-inJIy prc Ki uc o t wo pcsk« ia the responsive 
curve, the second one occurring m the iiltravinlet reK«»u.^ \ 
Pr«blems 

1-1. CamfiuLv tliv miuiuium vrlucily that an electron must attain in 
ortJer to bo emitted from (q> tbunum, (6) lanialum, (f) calcium 

1-9.* TIaini; DuKkcnin's cqustiOD, eslcalate and i>lnt a curve oC emission 
current ve tcinperaturu (or a tuuesto lilsnieiit 10 mils in diaiucter and 3 
m long 

1-J * Rppeoi !‘Tob 1-2 for «v tht.Tuttcil-tunptteti filnr\et>t 

1-4.' liepout Prob 1 2 for an OMtle-evatod Glamvnt 

1<S A tT.-o>elemc<it vacuum (ubo •« operated ailb t>0 volts bettreen cath- 
ode and anode lioti murhanergv isimparied tn thennodchy each electron 
flon III); from catbuJu loamKls^ (Assuiiielhat tlic electron bos rerv vclneity 
nfter emission from tbo cathode ) 

1<( Compute the tiircslioldfrripicneyof lieht(or(a} calcium, (b) cesium 


' Additional spectTAl responae curve* »i» t>o found in Chap Q 
* A liiiih iletiree of uceur.icy i* kcccm ir> in detcnninintC in these 
pmhtetnt The use of logarithjua ruUicr than elide rules is rrcommendeil. 
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CONSTRUCTION OF VACUUM TUBES 

Details of constniction of vacuum f.iil)es \’iU'y som(n\-liivt wilJi 
llie manufacturer. However, genemi princijjles and miitcrialK of 
construction are muclt tlic same, irfe!S|)ccl,ivc of the make of the 
tube. Tlie purpose of l-his chapter is to provide l-hc reader with 
an idea of the kind of niateriais going into the constniction of 
^’acuum tulirs and willi typunl mot-hods of iis.«cmbling imtl evacu- 
ating tliern. 



erl«f» 
feO-OShnef' 



Fio. 2-1, Cro.Hs-dcciioii viru- of a i:ln»-s-ciivctiij)o tiiiji- nliinviiiK tlie various 
parts. (ffCii .) 


General.* Basically, vacuum Uibes of a cathode and an 
anode, with usually one or more grid.s, .all moimiod on a suitable 
supporting structure and contained in a vessel of glass or metal. 
This vessel is cA’acuated to ."v high degree, alt hough in certain (.iibc.s 
inert gas or mercury vapor is then inscrtecl to n low pres.surc. 
Tubes in which gas lias been inserted are known as gas-fiUcd (uhcn ; 
those which coiitrain no gas are laiown as liigh-mcunm (vhcn. 

Figure 2-1 is a cross Bection of a gla^envclope, liigh-\'acuum, 
triple-grid tube of low power (such as is used in radio receii'cra or 
* See Appendix A for definitiona of iinfamilinr woi da. 
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Structure a gi»9s-enveli>|)e tube [BCA ) 


CliAl’. 2l 


GSNBHAL 


25 


\foItagc amplifiei-s). Tlic calhodc is of tlie indiveclly licaiccl type 
althougli largcb' obscuix-d bj' tlie wires sarrouiicliiig ii- All 
the electrodes are supported by wires bold in a glass '‘pinch” at 
the base of the tube and by a mica disir at (ho top wliich fits snugly 
into the dome at the top of the glass envelope. 

The metliod of assembling sticli a tube is jihisti'atod in l*ig. 2-2. ‘ 
The glass tube siioxvn at A fe worked down in a laihe hy appl.>'ing 
gas flames lo form the jrineh shown at C. The suijportitig wires 
are tlien iiiscri.ed, and the glass is pressed -while hot, lo 

form a gaslight seal, as at D. Tlio ends of (he supporlhig wires 
inside the envelope are made of nickel; the cinls that are sonlorl 
through the press are inaile nf eoppcr-coated iiickcl-stecl, known 


7^!o. 2-3. Cutnwiiv drnw-ing of the CJ7, all'inclnl, scrtiuii.griil penloiio, 
sliowing coiiiiioiieiii, [larts. {UCA.) 

as Dumet, which has about tlie same coefficient of expansion as the 
glass used. 

The electrodes arc illustmlcd at O. From {.op to liotloin these 
part.? are anode, suppressor grid, screen grid, control grid,* cathode, 
and heater, ’t'iew F ^ow.s some of the small parts used in t he 
tube. From lop to bottom these are: mien disk wliioh tils in the: 
dome of the glass envelope to give increased i-igiflitj'^ (o the t.uhe, 
mica, spacer and insulator which fit over the top of tlic supporting 
wires, sliield for the grid wire which rims to the caji on the. top of 

' Tills is a (.ripld-Krirf i.wIhj of a typo slightly diFcroiit. fioin tlial of Fig. 
2-1, but tlio csscatlal clcinonis arc the snmo. 

‘ For thu purpose of these various grids and the naode, see Cliap. 3. 
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the tube, eui> to held the setter, a aenond mica spacer , nnd the grid 

View H shows the curupleted assembly, anil I shows the ^em- 
bly inserted into the gtnss envelope. The bottom of the pinch is 
sealed to the rnvcloije, and llie tube is evacuated. It is then ready 
/or the base and grid oapii‘'at J. with tln^linislicd tube shown at A. 



Pin 2-1 A rutiina> vic.i of a n)ci:i1.eiiv<>lnpe, imnlvde tube The euu- 
I'lirU for iliu Ihree urids call the uv]>er otKl oi the cathode may bu plaial}’ 
srcti .ihnve the pinic tOenerul tlcdne Co ) 



iio 2-j Strurutre o( a metal ei>veIoi.>e tube. (RC'A.) 


ilaiij' tube.s are noiv made rvith metal envelopes, as shown, in 
Figs. 2-3 and 2-1. Here the supporting win-s are inserted in indi- 
viduul glass beads located around the peripherj’ of the metal base. 
Thus these vires arc more widely spaciil th.^i in the glass-envelope 
tubes, reducing the btcmal capacitances. The method of assem- 
bling such a tube, together with details of its construction, is shown 
mng.2-5. 
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Two tubes of the glBss-cn^•elopc typo lire showti in Figs. 2-0 unci 
2-7, and a motal-enveloj)n tube is shown in Fig. 2-8. 

Cathodes. Methods of forming the comimsili^ cathodes (oxide- 
coated and thorioLcd tungsten) were described in Chap. I. As 



Fin. 2-fj. Oln.o.'i-Hiivntopc lube 0«iw- Pio. 2-7. Gln.^s-orivctopo fubo 
nui, twin power I.riodc). {RCA.') (twin-trioclo rt)iij)Iinrr). (UCA.) 


there pointed out, each type of eatJrodc has its own iiolcl of useful- 
ness. Thus, tlio oxidc-coated cathode lias l_|ic highest emission dli- 
cien cy (ra tio of e mission cim'cnt...lo_pQWpr. .rcquii'ccl .lu.heiit J.hc 
cathode, usually, measured iii.milliiimnercs tyr U’alt) and is there- 
fore used wliorever it is feasible to do so, Unfortunuteb’ it is more 
vulnerable t]jan the other common tyjies and may not be used 
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whc're there i" tl-mser of apprecMblo pasilive-ion bombardment. 
Tlieiefore, ii, .s n;-ed only m tnboa iwth a comparatively Imv tube 
drop. Its use with biRh-vacuam tubes is confined to tho&e with 
ralL-d anode \ not much m cxeew rjf COO. Theoretically 

tlicrc should be no gas iii n higli-vricxiuin tube and thus no poaiti\’e- 
Hin honibardment, but practically it is irapos-siMc to evn.ciiato riuy 
vessel complffely, loiiiz.ation of the iciniiiriing gas may then take 
place nt high plate potentwh with consequent damage loan oxide- 
coated uithorlc 0\Bie coatwl cathodes are used in virtunlly all 
gas-fillcd tutif stiieo the tube drop k kept so low (by Llie preRsiice 
of the jonucil gas) that positive ions cannot at* 
fain high velocities sufficient to damage the 
cathodes' Cathoilesof gas-fillwi lubes are uoiii- 
mcnly hcat'Sbiehled to leduco the heating power 
rt'qviired.* 

'The ihoiialcd e.athode is used for tubes of 
higher xoltngc rating lluin is safe for uxide-oriatod 
cathodes It Is less subject to damage than the 
oxidc-eoated cathode and mil withstand con- 
aulemblc positive mn bomiiacdment, cspcoinlly 
since the development of the carbonization proc* 
ess (sec pae« 1^)- 

Tungsten filnmi'nts have long been used in all 
high-vacuum tubes with \ciy high plate voltages However 
Ihtf tlinruitcd-Uingsten filament has now been developed to 
the point where it has nlmo.st entirely replaced the pure 
tung>>tcn. 

Gniat care must be used in assembling a vacuum tube to avoid 
contamination of tin; mfliixie surfiicc, e-Rpccially when composite 
cathodes are being used Workers asacmblitig them, for exiunple, 
must use care not to touch the cathodes with tlieir fingers, as the 
n.aturat skin oils will gnsilly aflecL performarKS;. 

The siiialliT tubes, such as are used in mdio receivers, public- 
ntldrcss systems, and various types of industrial control equipment, 
an: now made almoit cvelusavcly with indirectly heated cathodes, 
while filanieiit.aiy cathodci. are uscrl in many of Ihc krger tubes. 

Grids. The grids irf liigh-vnciium tubes aro usually made of 
fine wire wound laterally- in grom-e.s on the supporting wires. A 

* Chip. 4 fnr ati nplaiiatjuii of Uus phenomenon, 

• P«v p. IW lor H di' ,i,»ioo of hcat-BbidJeU catboJr.? 
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swaging process is tiicn used to hold Uie grid wires in place. Man- 
ganese nickel is onniiifinly used for the grid n-iits of i c;ceii-ing-lyi5o 
tubes, wliile j;irconium- or platinum-clad molyliticmim or gold- 
plated molybdenum wires aif used foriRmsmitting tubes.' U'ilh 
these materials primaiy grid emission i.s reiy low, a. factor of grad 
im[30r.tancc in most high-power tube appliciitions. 

The grids of gas-filled lubes eonuiioiily consl.st of a. metallic 
cylinder containing n Iwfllo pl.alc mounted normal to the axis of 
tile cylinder. This baflio pl.alo is perfonil*^! to i)ermit piissjigt; of 
the electrons (see pages 120 and 121). 

Anodes. The anodes of small, high-viicuuni tubes arc made of 
nickel or iron. They are pres-sed out of sliect material whicii i« 
frequently crimped or fisrngwl to increase rtgitliij-. f 'J*lic lit rjirr 
sises Arc hhiiJtenntLLoJnKn ^f se, ll ic riidialjfm of jtenl-. vTJlt'.PId'dcs 
of power tubes (t.bosc wit.h plain voUjig<rs in.c’xcoss of j)(!i'haps nOO 
“c51T8)'ar(roiten iviaTlc'of BPaj>h5tc bccuinic of }l« superior jX'rform* 
ancfiTirrdtsi' liigh'tompofhlMi-c cnn<litions-' JSircoiniim or zlrcotnum 
ootn^ihdBarc sometimes spraytKl onto metal anodes f,o iinpnive 
their block-body radiiition proiicri ios and to serve a getter (sets 
Getter, page 34 ). . 

The nnodc in n gas-rdiod tube is usually u small ciubonizocl iiitikel 
button located abot'o Ibe cnll»o<lc, «ft<Mi partly oiiclosed by tbo 
cylindrical grid, alitirltirc (in tliasn tubes coiiiuining a grid) as 
shown in Fig.;4,'22 (page J20). Thu area of the plalo need not bo 
so large iia is mtuircd.for.a lugb-vacumn tubo, since tbo tube drop 
and, tliuroforu, (.he licat dissiiwtion at (lie pUetc is mueb lc!« (sec 
discussion on p.agc IM). 

Figure 2-f) shows two gas-filled triotle tubes, known as Ihi/ratroiin, 
a being a gh.ss-envolopo tube and b one with a mefnl envelojio. 
Cooling fins may be seen atlaebcd tu one end of (.be inctal-pnv(dope 
tube to increase the heat-radiating surface. 

Figure 2-10 shows a number of gl.ass-ojivelopo, gns-filled diodes 
of various plal-e-^’oltagc mtn)g.s. 

Methods of Cooling. Cooling of most tubes is nccomplisbcd 1)3' 
natural circulation of air around the envelope. Titis moiuis t.liul 
the beat liberated a(. the anode must psis-s througli ( be vacuum in- 
side the tube and through the glass or mclal i:nvul()])D before being 

'GcorRe A. Espei'son, Tunc. WircBin the Kloclron-Uihe Tndustiy, Proc. 
IRE, 36, ji. IISW, Marcli, 19t0; John E. Gorham, Electron TubcK iti World 
War II, Proc. IRE, 36, p. 205, Marcli, l»i7. 
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earner] .iNvay by the cooling air For tubea >v5th nvltags up to 1 
kw Ibis ofTers no serious piobleiii, lull m the litrKcr hizes of h'sb- 
vr,-.il!m TuITs " IS impo^'iWe U. a,ss,i«to the Unit in this manner 

without an e.eess.ic tompemhim n^. ^ome of the earlier high- 
poirer tubes „) glass cnvelojicii liaiing l.eeonie «<> hot that the gtjvsa 
collapsed iiinjeratniosphrncprrssurc Thus tubes m ith ratings in 



escetss of about 1 k« require special nieana of cooling, one of which 
IS immnrsinii in a ualcr jaeloit The tube oF Fig, 2-11 is of this 
type, the metal ejlimlrr that cimstitutes tfie plate also ger\'ing os 
a part of the enrolope. The glass structure at the top supports 
the grid anti filament uliich extend doon into the anode The 



CnAr. 2) 


MKl'JIODS OF COOLINO 


31 


seal between tlie glass and metal portions of (bo envelope is made 
by using materials ( Imfc luive nearly the same coefTiuicnt of cxiraii- 
sion and by feaUiering the edges of the iinode. \\'alcr cooling is 
pro\dded bj’ iiiscrtiug the anode into a water jncilvol, (b'ig. 2-12) 
througii which ;vater is arculatcd. Tlic water is eoolcfl in ti siii(- 
able manner, as by iwssiiig it througii a mdiatJ)!- across whit-h air 
is blown. 

Another mcfliod 5s lo provide the metal anode willi radiating 
fins, as in Fig. 2-13, und blow air across the fms. In.«lallaliuii costs 



Fio. 2-10. Merciiry-vsjior tiibcHOf vanoiiRMixes. (Gciicml PJeclrh. Cc.) 

with this type of tube tcml lobe less than with water cooling but, 
liecause of tlie licav5’ fin stnicUirc, packing and sliipiiiiig of air- 
cooled tubes are more difiicult and costly than for wator-cooied 
tubes. Air-cooled tubes arc particularly advunlngeous in installa- 
tions where no heat is supplied to the building imd ambient, Icin- 
peratuies inay drop below freezing or whcit; there is no adofiuate 
supply of pure fresh water, as on sliipbojurl.' 

Demountable liib(« have been used to some c.vtent. in Furope, 
especially in France. Tubes of this tj'pe use a \valer-coalod plate 
but can be disassembled and repaired whenever the f\'it l)0(le burns 
out. This procedure avoids tlie problems of making airtight glass- 
to-metal seals but requires continuous evacuation. 'I'lie principal 
‘ For a discussion of ihcrdativGinGrits of water and air cooling, see 1 , E, 
Mouromtseil, Water and Forccd-air Cooline of Vacuum TubcR, Froc. IltE, 
SO, p, 190, April, 1942. 
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disadvaQt;iKe.b! of this type of construction am the time required to 
put equipment back iutrr service after ft Uibc failure and the need 

forpersoanel ofsumeient skiU to mnmtfuntlie pumping equipmenl. 

Thus far. .srailcd-off tubes have proved more satisfactory in sizes 
up to about SCO kiv, but it appears that even larger tubes are 




needed, especially for inclustnat use, and these will quite likely be 
of the deincnintablo type.’ 

The energy lost ut. the jinode of Kas^ilJcd tubes is sufficiently 
small that water cooling is not normally rcqiiinxl. If the tube is 
to bo placed m n idnseil space, forced-air circulation may be neces- 

■ I E .\rauruiiii9i;ff, Pcvclopmrnt cif Electronic Tubes, /’roc. ^RE, S3. 
p 231, April. 1945, 1 E.Slouromtseir.H.I D.nley.L.C. U’praec.Beviewot 
Deroountoble vs. Sealcd-On Power 'l^ibis. Bros. IRE, 32, pp, 853-664, 
Xovember, IWl. 
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sary; otlienvisc natural air movements u'ill iisunlly piovklc ado- 
([uale cooling, except in the largest sizes. 

Evacuation of Vacuum Tubes. All tulics, c^’cii those which are 
to contain gas, must be highly ovaeuated. The jn-csence of any 
gas in what is intontied to be a high-vacuum (.uhc results in orrafic 
liehavior due to ionization of the gas under Uic impacts of the 



I^Q. 2-13, Tube designed tor rorcod-air cooling. 

emitted electrons. Those lubes which are intended to conl.ain gas 
must first beiiighly evacuated in order that they may contain only 
the desired gas, oxygen and water vapor being especially objection- 
able jn tubes. 

Excellent pumps are now available for perfomiing Ibis evacuat- 
ing process. tMerc pumping ia, however, not snffleior.i. ,ia the 
mch ^its and glaas ;«n-t8 are capable of absolv ing .riarrro';n,n„nf 
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of gas. 'i’liis IS driven off by operating the tube at a liigli tempera- 
mre during the cvacuaJing pKK:ess._ Tubes with gJass envelopes 
are generally heated by inserting them in a r-f firlcl which sets up 
eddy currents in the meUilLc structure ' RIetal-envelope tubes 
are heated by gas flame or other sunilor means., since the l-f method 
would be no more effects e »n heating the internal parts than is the 
gas flame, owing to the Rhorl-circmtum action of the envelope. 
The tube must be tin the pump during this heating process, as it 
may require several limirs to evacuate a large tube. 

A compteLe vacuum is, of course, impossible of ntiainmeut. 
Even with the highest ^ acuiim oUamBbletbetx-arc billbufiof atoms 
within the tube Nevertheless tlio iitoms am so Rrnall that an elec- 
tron may travel many times ns far ns tlic <hstnnce between the 
cathode and plate ■Mthoot eolhdmg with on©, and as long as colli- 
sions are very iiifierpient, Ihc gas remaining in the tube Is not 
injurious The probability of on electron stnking an atom in its 
travel across the tube is mcai-ured in terms of the mean free path 
of the electron fsce also page 19). < c , the avviagc distance that it 
may travel without collision As long tis (he mciirt free path is 
much greater than the distamrOb Imiween electrodes, tho vaiiiiuru 
K patisCactiory for camoereial operation 
^//Getter. Even with the highest refinement of the evacuating 
process possible toJ-ay, gas may l>e liberated in tho tube uhile in 
Burvice Sudden ovciloads or even long service at normal loads 
may permit (some of the occludcil gas that was not removed during 
the manulacturiiig process lo escape in(ti the bulb. Consequently 
all tubes contain malenal, kiiouu its a getter, that U capable of 
readily absorbing gas Examples are cerium, ulumiuum, mag- 
ui-sium, barium, and red phosphorus. 

It has iKjim fwiid that t he m ust satisfactory getter is one made 
of the same materml ns llic emitting Therefore, barium 

lb Widely used in t his y upaeil y toihiy , since a large m.ajority. of 
_t'ubes are made with oaide-coated ^tlimlcs Unfortunately bar- 
ium, unliltc inagTic.iium for example, is not. pniteclw.1 by its otvn 
oxide, and new methorls had to be developed fm its use. Most o£ 
them consist ellhcr of supplying the barium in the form of a com- 
pound that will break down or othenvise produce barium whan 
heated or of enclosing tlie metalliu barium in a metal tube that is 
• Edwin E Spiticr, InUucliaB llentiDg i» Radio Eleutrou-tuU© Manu- 
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pinched iio,nr]y jurlight ul llie ends.' All snclt mellioils mpiiru 
itushing of the geltci' in the lube by jipplicalion nf bciil such as may 
be supplied by foeusing .a, r-f field on Ibc gcller tlirougii iho glass 
envelope and arc, therefoKs, not suitable for use with mclal-onvo- 
Inpe tubes. A suitable method for mcbiI-cn\-clo])D tulje.s usc.s a 
tant.aiiim ribbon fcimcd info tbe sbupe of a dough ayid tilled with 
barium her5dliale.- This ribbon is then wcldeil between tlu! 
ground jiin of t he octal basQ and the shell. A cuiTonl. .sent (hroiigh 
ihe laiiUihim liclwcen Ihc shell and the pin will eiiiise 1 lie barium 
bGiylliatc to react with the tantalum, produeiiig free barium. 

Fine zirconium xvirc has been us«l as a gcKer in X-ray lubes 
where the higher v.apor pressure of barium makes that material 
losssdtwfactory. 'i’he zirconium wire is wound nlongsklea slightly 
larger tungsten wire on a tnngsfpu ormolylalcnum core ami is then 
coiiuecLcd into llie Rlaincnl-hoa ting circuit so tliitl its lempcnidire 
is luaintained at from bSOO to intH)*K. In this nmge of Icinporn- 
tuvea it absorb all gases except tbe inert- pisps 
I Caro must b n.takcn tbalJ-bc-gclter docs !iot-..c',C'tK!on!«Q pnjinrls 
of the tu lrc wl iero if_\viH roihicc Ihe.i'o.sistance-.bot'i'epn.lerniiiuils, , 
c.f/., at the lop of the bulb of a screen-grid tube, if Ihe grid lead is 
brought out at Uiat point. Also, (be glass envciopo.w of liigh-powor 
tubes must not Iw covered any more than neccs-syiry, as the mirror- 
like surface of the condcnscfl material will n«f!cvf. a largo part of 
the radiant energy back into the lube and so provcni. sal,isfao(oiy 
cooling under load. The getter is, ihei-cfore, so Incated that, whuii 
Hashed, the barium (or of her material) will dopasit on n sinall por- 
tion of the envelope where it will not cniise (rouble. Tiie trough 
type of construct, ion, clcscribwl in t.he pmceding luinigrapii (set; 
tlie fifth component from Iho lop in the fourth cohitnn from the 
left in Fig. 2-.5), or the use of a small cup in gla.ss-envelopn tubes 
(see fourth component from the top in column F, Fig. 2-2) makes 
it. possilile to direct the evaporation of the gf.ilior in iui\' desired 
direction and over a very small area. This is in uiarkcfi eoiUrast 
to the early Ihoriated-filament lu1>cs (co?., ’OlA) where the getter 
covered almo.st, the entire envelope. 

' E. A. I,cdr.rr'r i,n<l IX U. IVamsfcy, “Biilnlum," A Jtirium GcUor for 
Mcl:.l Tubes, RCA Rcp., 2, p. II7, Juty, 1037. 

’ E. A. L<‘rloi(,-i-, Kcceiit Advances in Barium Getter Tcchiiiciuc, RCA 
Ren., 4, p. SIO, .Tiinuary, 1010. 

•’ Eapersen, li/c. ril. 
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HIGH-VACimM TUBES 

Emission of electrons fron a catliode contained in an evacuated 
vessel does not of itscli conslllute a useful plumorrienon; but if an 
additional electrode (or anode) is inserted into the vessel, raised 
to ft pnteiitial some\vhatmQrc positive than the cathode, electrons 
\\i!! be. attracted to this electrode and so constitute a current flow 
Ihrougli the evacuated space.' 'The number of electrons passing 
over to the anode is delt-rmined other by the emiasion of the 
cathode or by the potentials existing in the region between the 
cathodo and anode or by both- The cluiracUiristics of this elec- 
tron flow in various types of tubes are prcswited in Uxis and tlie 
next three chaptore. 


1. DIODES 

Tubes containing a eatbodc and one additional electrode 
(knoisu as the anode, or pfatc) are called diodes or two-elcment 
lubes. The anode of a high-vaeuum tube ordinarily consists of a 
conducting surface which completely surrounds tho cathode.* 
It docs not normally emit electrons but eerv'es only to attract 
them from the cathode.* 

■ Nnta that cIcctroRS tlow from cathodo to mtodc but that our gcnerolly 
nsiiimcd positive ilircction of current is from anode to cathode (bcc p 
7, Chap 11 

* Spa Chap. 2 for further details «I tube construction. 

•An anode may emit clcctruns under rcrCnin ronriitiens. The most 
common cause is tiiat of sceondaiy CDiiasion srhich exists in most tubes 
Since ihii type of emission tatrs place only «hcn the plate is being bom- 
barded by clcclrons and thercrere nhen it is positive with rBsprct.to Jhe 
calliotip, all electrons go emitted «ai lead to fait back into the anode and 
thus produce no noticeable effect, Doless another more positive electrod? is 
present as in tetrodes [pp 70-77) Sometimes cathode matcnai is distilled 
over 00 to tlic plate either during mannfoctiirc or while tho tube is m serv- 
ice. If tho plate then bccomea veri- hot, as it may under heavy Inada, 
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Probablj- tlie earliest diode was tiie speciai lamp wit.h wliieh 
Edison discovered what i»as ^co been termed the Edison effect 
(page 5). Later, iii J905, Fleming patented a similar device 
known as the Fleming calve, to be used as « dctccfor of radio 
currents. The modem diode differs little from these earlj- models 
in so far as its principle of operation is concerned l)Uf. is much 
improved in increased ruggedness, longer life, and higher \'acuunn 

Characteristic Curves of High-vacuum Diodes. As »^■ns .seen 
in the preceding chapter, the. numlwr of olcctroiis emitted by u- 
cathode is dependent tipon the tempcialure imd thcrcfiJre upon 
the current flowing in the lienter. This cun be shown experimen- 
tally by iiieiins of tlic circuit of Fig. 3-1.' It is best to use ii tube 
with a filamentary, rather than an indirectly licalcd, enthocle, 
since the cathode lomperaturc of the Jntlor reaches n slciidy \'«lue 
only after a considcnihlc |)criod of time. The jjlalu potonliul 
should be kept constant at any desired value, the filaTOent vnll«igo' 
varied iu steps, and the plain current nolod. The process may be 
repeated for any number of different plate vollagca. A set of 
cun’es taken in this manner i.s siiown in Fig. 3-2. By cros.s reading 
these ouivos another set may bo plotted with Ct us ubscissu* as in 
Fig. 3-8. _ - _ . 

The exact performance of any lube under any given impressed 
emfs may be predieJed from a eel of these curves, provided the poten- 
tial between plate and cathode docs not change ap]jrocInbly tluring 
the time an electron is crossing the space between llicse two elec- 
trodes. This limitation is uainlly exprc.sscd bj; slating that the 
IrarifjV ifwie must 1)0 shortcompared to the time of one cycle 
of' th'e'alternaliiig "VSlfa^ itapress^ on the, tube. For all pruc- 
tiea!' purpo.scs 'thl.s means that at frequencies le.« than a few 
hundred megacycles ]>cr second (or CTCfi somewiuit higher with 

some emission mny tube pfnev by tlicnuioaic action. Also noino iiiioiies 
have been kiioivn to cxliibit plioioemissivc propertieH. 

Geiiorally spciikiuK, emission from anodes ia to ho avoidwl ns far ns 
possible unci purticulurly if it tends lo occur while the plate is more nnKative 
tlian 1.lio cathode (or more negative than any other clcclrnde in tubes erm- 
tnining udclitiuniil clcatrodcE). 

‘ Batteries are frequeiiUy used in this book to indieaLi! a Kourec of diroia 
potential. In moat oa-sas the source of potential ncluuHy used in prji'-.lico 
would bcu vnouum-tuborcuUficrfClmp.?) or, oocnsionnlly, ii d-c KCiievator. 

’ The reader should refer to AppcncUs A for intcrl»'Ocnlion of Iho nota- 
tion used, 
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suitably designed tube?) tbe instantaneous plate current may be 
read directly from the curi'es whenever the inetantaneous plnle 
voltage .and steady valiK. of filament voltage (or cathode heater 
vcl(ngc) ate knonn 



'Dki ourvua of Fig S-2 may also be obtained w ith OO-cyclc nllcr- 
nating cun-eiit flowing in the cathode heating circuit, IViHi filn- 
mentary-type cathodes the resulting curves mil be essentially the 
Kune as those shonm if the plate voltage is decreased by approxi- 
mately half the blamcnt voUiige. 
Since the filament volfaRti, under 
ii-c operation, roverses polarity 
twice IB each cycle, t!<c. cfTcct, is 
much Iho same as if the negati%‘e 
lermiiuil of the pinto battery in 
Fig. 3-1 w'OHt cunnccted alter- 
nately first to the negative ter- 
minal and then to the positive 
terminal of the fil.nniiint and an 
average value of plato current was 
obtaiiied. This in turn is essen- 
tially equivalent to connecting the 
plate return to the raid-point frf the filament. If the plate return 
lead w I j BO connected, it is obvious lluit the average potential dif- 
ference between plate and cathode -would be increased by half the 
filament voltage. UccteaanB the plnle supply voltage by this 
nraount. will ■-■videiitly reestablish the origiiutl Londitiona. 
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Chap. 3) 


SATURATION AND SDACK ClIAUGIi 


Wlicre indirectly hcalwl catliodes are used, tliero will uln’imisl.v 
be no difference between a-c and d-c operation of tlu; cafliodc 


Jieating circuit. 

Saturation and Space Charge. The plate current ilowing in ii 
diode under any given conditions is always detennined by one or 
both of two limiting factors. One of those faetom is iini^oscd l>y 
the maximum emission of (he cathode and is termed .aniuralwn. 
The other'is imposed Ijy the accumulation of negat i\'e elcKdron.s in 
the space aro\ind the .cathode and is known a a sp ace (:/inrpr. 

To obtain a simple piclurc of these two fnetors, ii^tJicnthorle and 
plate be assumed in the form of two infinite parallel jdaiies. If the 
eathode is cold and zero potcintial is applied between tiiese hvo 


planes, the ouiwc of potential distri- 
bution in the interveriiug space is a ' 
Btraiglit liorisjoutal line, as shown in ' 
curve a, Fig. 3-4, where K reprcscnl.s 
the cathode, P the plalc, and 7if/' (he 
distance between cathode and jrlatc. 

Next, sujjpose the Kilhodo U) be 
heated to its nonnah tempcraliire. 
The jjlnte, hn^’ing no positive charge, 


trons; (heiefore they fall back into 

the cathode as rapidly asthey are omitted." Thoclouciprcl.cptrons 
thus formed around the (talhodc coirsUtules-a negative, clinrgc, 
known as the space charge. The" potential distribution curve is 
therefore hot a straight horizontal line but is a curved one tis 
shown in curve h, Fig. 3-4, the amount of ncgiidvc dip being 
detennined by the .space charge. 

With zera plate potential, the space charge will alwn.vs bo .such 
as to jhisl counteract the emission. Thus, if tlic emission is 
inoroaMfi by raising the cathode temperature, the number of emit- 


' Actually a few will be emitted wiLlisuflicictit vclucity In l;c onrrietd over 
to and strike tlia platc.wlieiice they will return through tliocixteninl circuit . 
Tlie riiiinljef of cloclfbiis thus pmuniig to tbcpiale will bo very small, since 
only those li.aviiig Iho very highest velocity will be iiblo to poiiolriite the 
electron cloud to such an extent. Had the plate been left free inslead of 
being maintained at zero potential, electrons would have accumiilnicd 
thereon until the plate beuntne bo negative that no more could overcoine the 
inercaaed negative gradient, and the electron flow .would have conBcd 
entirely. 
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ting clcctTOns and thu maRnitude of the Bjtice charge both mcreage 
until equilibrium exists, the electronic flow to the p|^e_3tin_bei0g 
essentially tcw. This Is shown by curve c, Fig 3-4, ivhich repre- 
sents the potential distribnUon with a higher mtliode teinperature. 

Ne-st let it be assumed that the potential of the plate is raised to 
the positive vrdue xy. Fig. 3-5, with normal cathode temperature. 
If the cathode were cold, tho potential distribution within the tube 
would again be a sirsMghl. hne (curve a) ; but since tlic catluxlu 
temperature le normal, a cloud of clcclrtins exists in the space 
surroundmg the catho^, aguMi producmg a negative dip in the 
nurve. HoTvever. the plate now exerts a force of attraction on the 



. emitted electrons, and a Inrgu 
’ niiuiticr of them arc drat^ over 
' to it. Tliis reduces the number of 
electrons in the space between _the 
two electrodes, or, in other words, 
the tqiace uhargv is partially 
neutralized by the po£itive_gIato 
potential. The resulting poten- 
tial distnbutlon curve is some- 
what as shown ill oLirvii e, Fig. S-5. 
The negati^ slopajrf Jhe_.ourve 
close to the cathode shows that 


eufvettor^^i^*'**' dwtiiljuUco eleiU.rons emitted with low veloci- 
ties are unable Lil oviircomo the 


rcgutive charge mn -and must return to the cathode, white those 
with somewhat liightT tunissivi! velocities are able to pass over the 
negative "hump” and so "fall” into flm plate The'niaxiraum 
rpgutlve charge mn in this case is of necessity lean th/m thn cor- 
responding mnximiim iif curve 5, Sig. 3-4, since that of Fig. 3-4 
was sufficient to prevent virtually nil electrons from passing over 
to the plate. 

If tlui catholic is bcoted to a higher temperature, the eiiiifision 
will be increased, thereby inrreaang the space chargo'^nd tjio 
negative gradient at the cathode but without appreciably increas- 
ihglhe current to the plate. This conditicin i.s shown by d, Fig. 


If the cathode temperaUire is reduced, the electron emission is 
decreased until finally a cooditiotTsimiliir to 6, Fig. 3.5, is reached 
■where the potential gmdlent from cathode to pUte is positive all 
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the way, so that all GlectroDS emitted will pass over to the plate. 
Tlie plate current fiowing under this condition 'vill ncenssarily he 
less than for cun:es c and d. 

General Shape of Static Characteristic Curves. On ihc basis 
of the curves of Fig. 3-5 it is nmv possible to predict the shape of 
the curves of Fig. 3-2. The results of such a prediction arc shown 
in Fig. 3-G, for n theoretical lube with infinite, imrnllul-plaiin olee;- 
trocles, and the method by which they were obtained follows. 
The reason for the alight difference 
between these curves and those of 
Fig. 3-2 ivill be cxiDlaincd. 

If it is assumed that a high plate 
potential is applied to a high- 
vacuum diode with zero lilnmcnt 
potential, there will nccesRarily be 
no plate current, since there will 
be no craissian. If the filnnient 
potential is then gradually in- 
creased, a point will finally be 
reached where emission will begin 
and a smnll plate current will flow. 

With further increase in IS/, (lie 
emission udll increase exjwnen- 
tially in accord with Eq. (1-2); and,' if the plate pofenliul 
is sufliciently high to nttmcl iill emitted electrons, the plain 
current uill be ahvays equal to tho emission current.. We cun, 
therefore, draw curve I, Fig. 3-0, to repre-sent this condition. At. 
all points of this curve the plate current is cqufil to the emission 
or saturation current so that it is dctcnniiicd entirely by the firel. 
of the two limiting factors, saturation. The potential distribu- 
tion curve for this condition will be a stmiglit line (<i, 3-.5) 

when the cathode is cold and will become more and more curved 
as the catliode temperature is increased. Keverthelcss, since the 
plate potential is at all l.iracs sufficiently high to dr.aw over nil 
emitted electrons, the potential gradient must be positi^•Q at all 
points witiiin the tube. The potential cun’c, thci-cfore, never 
ci'osses the zero line, as does c of Fig. 3-5, but must be similar to 
b of the same figure. 

With a low plate potential, the plate current will still incrcas'' 
according to Eq. (1 -2) as R/ is increased up to a point at which the 



iiitc, parnilol-plnne olcolrotiBst, 
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pbte Doteutial cac nt, longer dra^^’ over all the emitted electrons, 
t r , naoaot completely neutralise the negative space charge at the 
ualiiode The pofenijal distnbutioii curve at this point will be 
just tangent to tiic tero Ime at the catliode (Fig 3-51. Any fur- 
ther increase m A', uill cause the potential to be negative for a 
portion of the epace immediately luljoinitiK the cathode, as in c, 
Fir 3-6, and 1 ho oun e o{ vs Bf « dl fl.at.tan out as in curve 2, 
Fig 3'(j, with the limiting factor being r.karge. 

Curve 3. F'g 3-d, represents a still lower 
' value of Cl, ahov.«ig similar results but with 
. a loner mnxuiHirn value of ii, 

Sumnitinaiiig, Ibo emrent along the flat 
poitions of the curves of Fig. 3-6 is limited 
by space ctuvige and along the curved poitiont 
iiy satunitian 

A coropanson of tlie axperimciitiil (.•.uvves 
» of Fig 3-2 with the theoretical ones of Fig 
! 3-li will show a strong similarity, but the 
I e\|H'iiinenta) curves are much less abrupt 
‘ 1 he spacing bet.ivecn the plates and cathodes 

(if eommcrcial tubes is nut the Mime nt all 
. points as in the case of the theoretical infinite 
planes considered, so that at certain values 
J of E/ some portions of the electron flow- within 
the tube may bn tnriiled hy space charge and 
other portions by saluvation, giving w nuiuli 
less abrupt change The tube userl to obtain tho curves of Fig. 
3-2 was cn 80 (see Fig. 3-7) having two V-t>li»ped fitiiinoiits, each 
Eiirrouiidcd by a plate in tlieshaiKi of a nccliinglc. Both filaminf.B 
and 1 lolli pl.-itca ii ere connected in iniallnl, thus sei-ving us ii single 
lube. 

If the same line of reasoning is applipcl to the ouvvus of ii, vs- 
tlie thfioniLical curves of Fig 3-8 may bo tlraw-n and compared 
with those of Fig 3-3 It should be noted that, nlllunigli thoKe 
cun-es are very sunilur to those of Fig. 3-G, the current is limited 
by soturaficii for the flat portions and by sjinr-c chvTge fur the 
curved portions, just opposite to the conrIitionR of Fig. 3-G The 
reader should checl» this point thoroughly by analyzing tliese 
cun-cs in the same manner a» those of Fig. 3-G were analyzer! . 
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Anollier observable difference between theoretical ami expel )- 
ineiitnl curves may be seen in comparing Figs. 3-3 and 3-S in Ihat 
curve 3 of Fig. 3-3 never docs become quite flat. This is cliarnc- 
teristic of oxide-coaled calliodcs (sueli as used in tlie 80 iiii'c on 
which these curves were obtained). This effect is caused b.N’ ii-iegii- 
larities iJi the surface of tho oxide. If this surface, could be magiu- 
fiecl siifBcientij', if, xvoniil be found to conhiia many pockets, or 
"canyons.” The pockets arc of a higlicr tcmpcraUiro tlian the 
outer surface, bceaii.se of Uicir lesser exposure, und eoiusequently 
will saturate only with a Iiiglrer plnlc voltage. Furfhennoix', 
electrons acmumiliite in Uicse pockets and produce a strong space 
charge which the plate enn overoome 
only at very high potenti-als. Pure 
tungsten filantents, on the other Imnd, 
liat'o a much smoother surinco, and 
curves taken on a tungsten-filament •s 
Uibc show a considerably flatter satu- | 
ration curve us well iis n moi-c abnipt s 
curvature as saturation isappronched. s 
A mechanical analogy' of l,hc effect 
of space oliarge is shown i»i I'ig. .3-0 
which ropreseiils a surface sliaped like PiMtVeifase 

the potential ditlribnlion ,„m-o e of 

Fig. 3-5, inverted, if balls, rei>rc- fiaite. parthlci-pluuo dec- 
aeiiting electrons, are rolled along llie 

line HK and “oinitted” at K nt varying velocities, some 
will have sufficient energy to pass over the space-charge "hump” 
in the surface and so fall into iho plate, whereas the others will 
foil ]3acl\ onto tlic ]»lanc leprcsenling the cnlhodc. If the hnlLs 
are increased in luimbcr and average vclocit.y and the height of 
the hump is increasal a corresponding amount, the Juimbcr of 
balls passing over the hump will remain the same, givijig the con- 
dition.sof emve d, Fig. 3-5. But if the hump iseliminalod entirely, 
all the balls 3S'ill go over to P, showing Ujo effect of saLuiution, 
as in cmve b. Fig. 3-5. The reason that the ciiitc must be iii- 
•\’erted i.s that electrons bear a negative charge and are, f hcrc- 
^ fore, attracf.ed, or “fall,” toward positive chaige.s, 

_/ Space-charge Equation. Tljo equation of tiie plain (uirrent in 
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\vlicn limited ly uptice cliJVrgC only 
lias been slio^'-n hy Cliild* to Ik! 


(such as enrve 1, 


(3-1)* 


irlierc It = Biinno or plate cijrrcfit 
Rt = p\.ae voltaRir 
I «: di^tanee lielwron deelralcs 
K - I o/istant, tlepefulmj; tipon goomelrj' of tube 
Ufilw ono IS inierrMcd m xitrimm tubes from the sbimlpoint 
nf the (iesigtier. Eq (3-1) will iirobiUily be of more interest if the 



Fra SO Kfrchaintal a'>:>l‘>A^ efcleclrouemiaAinn It.ilb rollhiA p!u<t iwint 
K rnprcannt emittfd riectrorn 

.spiiuiiig fiicler X is absorbisl in (he ruiiHtaut, since the spacing 
between elecliodcs »s not udjustahlo except in mamifactun?. 
With tills aimplifieation Etj. (3-1) hocomrs 

h « A'iEJ (3-2)* 

where Ki = l\/x^. 

The plate current in a diode Is scon from Kq. (3-2) to varj’ 
as the three-halves power of the plate volliigi'. AeluaUy this 
tlieorntu ni rehttiondiip of Cliild’s depends on certain nssump- 
tions: (1) that the clertrodes are juxrellel infinite’ plruies, (2) 
Lliat. the plate current is limited only by spuee chaise (not by 
emission saairiititm), (3) tliat tliere is no gas within the tube (or 
at least not enough to cau!«e retardation of the electrons due to 
collisions with gas mcdecules), (4) that cxjuiputenfial electrodes 
are used, (fi) that tlic electrons are emitted with zero velocity, 
‘ Child, Fliya n<ir.,32, p.-l9S, 1911. 
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aud (6) 1.hat the contact potential at the plate is negligible. Since 
most of these assumptions arc «c\’cr wholly teilizcd in uctiial tabes, 
the exponent in Ec). (3-2) generally differs sotnewhat from 
being somewhere between 1 and 

The use of fiiamcnlnv>M.ype cathodes in certain tubes is one 
of the reasons for v.aviations in the cxpraicnt, csjtoeiully when liic 
plate voltage is low, duo to violation of assunjptioii ('!) of the pre- 
ceding paragraph. Unlike indirectly hcatal cathcxlcs, the fila- 
mentary ty]3e lias a difference in potential imprcssctl across the 
extremities of the emitting surface equal to the Jiliimeut voll.agn, 
which results in a varying polcDtial between the miodc anil vari- 
ous parts of the cathode. This effect can best bo sbms'ji l>y refer- 
eiicB to Fig. 3-10, which shows filanienlars'-lypc cathofle /<’, 
llft^'mg 5 volts (d-c) impressed 
across its termin.ils. A do-volt 
batterj' is tised to supply the plate 
voltage, its negative terminal being 
connected to the negative terminal 
of tbe ■ filament buttery. I'hc : 
difference in putcutiul Irctwccn the 
lower end of the filament ami the 
]}late is, therefore, 45 volts, but 
this potential decrease.<? along the 
filament until there Ls i>tit 40 volts 

between the upper end of Uio 3;io- llhwtnitiuj; tlw vari. 

> . n,.. nl*"" ®t pla’f! potcnlinl iiloiiK ii 

filament and the plate. Thisvarj’- filnnicntary-fyiic o.ntliotic. 
ing potential belu'ccn plate and 

cathode increases the effective c.vpoiicnfc in E<i. (3-2) to about 
5^ for plate potenti.alB which ore coinpanihlo to flio filamout. 
drop. As the pl.at.o voltage is increased, the effoet- of tlio lilamcnl 
drop is ei'idently IcsseDcrl, and tlic expouent tends to up])roach the 
tiieorcUcal 

Energy Loss on Plate. According to likp (3-2) tiio iiliite (iumuit. 
in a tube will increase indefinitely as the plate voltage is imucased, 


provided there is sufficient emission. AcUiaUy there is a liiniL t o 
the permissible current througli a tube imposed by tlio lunount, 
of heat that the tube will dissiimte. As ])oin!.cd out in Chap. 1 , 
each electron passing through the space from cathode to .anode will 
fall with inercasing velocity toward the plate. When if, sl.rikes, it 
will give up most of its kinetic Mieigy to electrons and atoms within 
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tUe pl9.tc, the vclo< ity of which wni be tliereby iiicieased; ie., 
the temperature of the ptit* will nsn The kinetic energy of 
each electron aa U strikes the plate {Tji^lectmg velocity of emission) 
will be 

Kincfcii! energy = Ete joules (3-3) 

where Ei = plate volingn 

c = rhiiree on ejection, coiilnmlis 

If Eq (3-3) is now multiplied by the number of electrons flnw- 
ing per wiooml, the total loss on the. plate will Iw given in the 
fuKiiliar form of •* 

P ■!= Eken =1 E»/a joules/scc, or watts (3-4) 

where n is tJie number of electroos flowing per second ; and the 
resistance of the tube will be 

^ - a (3-5) 

The mijSTTipii h is upphed to this resistance, since it ie obtained 
under static, or d-c. condition-s ns rlistmffui.9he<l from tho dynamio, 
or a-c, resistance fp, discussed in the nest section.* 

It should he noted that there is no actual resistance In the. tube 
Itself In a properly evacuated tube an electron will encounter 
no obstnictlim in passing over froni cnlbodc to plate. Tim re- 
sistance IS purely a measure of the ener©- reciuired to accelerate 
the electrons through the space from cathiKle to anode, one.rgy 
llmt reappears W5 he.at in the plate The rate at whicJi this heat 
may be dissipated is what limits the permissible nurrent through 
a tube. In very liii^'c tubes this los-s becomes so great that water 
ciiolirg IS resorted to (see F^. 2-11 and 2-12). 

An examination of Fig. 3-3 will also show that the ratio of Ei 
to li, or Ifj, is far from constant. This is characterwlic of vacuum 
tubes where the current flemiug does not vary in direct proportiun 
to the applieil potential. 

Obviously the best design of a diode, other things being etjiial, 
13 one that permits a given current to How with a minimum applied 
plate voltage. 'This follows emce the energy of impact of each 
electron as it strikes the plate, and tliereforc the .amount of energy 
that the plate must dissipate in the forni of heat, inureaseB with the 

' Sec Appendix A for the meftnioBoI the various gubscripls. 
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plate •^'•oltagc. H.cfercncc to Eq. (3-1 ) indJcfites tlmt. clo.se sjjacing 
between catJiode and anode reduces IhcvoKagc required for agivoii 
nurrenl; thus tubes are do.signed witli as close spacing ns insulnfion 
|•equiI■emRnt.s will p(!i-nnt. Since diodes are required to pass oiir- 
ront with a positive voltage applicrl tollie plate hut must prevent 
tlie flow of euiTcnt when a negative voltage is npplietl, (hey must 
be designed •>\-ith suflicient electrode spacing to pl•e^'cnt breakdown 
under negative voltages wliich may bo quite high. 

A-C Plate Resistance r,. Under certain contlitions it may bo 
of interest to determine the ratio of u sniiill clinnge in plate voltage’ 



Fiu. 3-11. lltuslrnliiig tin- xiKiiiricsiicc of r, in a illodc. 


to the oorrosponding change In j>late current. 'J'lms If a direct 
voltage Eu of suitable magnitude is applied to (lie plate of a diode, 
small changes in this cmf will svltcr the current, over a sensil>ly 
straight portion of the characleriaLic (Fig. 3*11 b ) Tiiese C'himge.s 
may take the form of a small alternating poteulial sui)orimposcd 
on the direct voltage as indicated in Um circuit of Fig. 3-1 In. 
Such ail altcrnaling potential will, tlmrcforc, produce u small 
alternating current of nearly the same wave shaiio as l,he vollnge 
and superimjjosed on the normal direct current., ns shown in Fig. 
3-llh. 

The limit, ratio of Ihi.s amitage and current, n.s the voltage is 
made .smaller wilhoul. Jimil, is knmvn as tlie a-c or riyiianiic plalc 
reaistance j-p. Tliia ratio may be (Hcprossccl mathematically as 



and is evidently equal to tlie reciprocal of the slope of f,he char- 
acteristic om-ve. 

‘ See Appendix A far sii^iiFicaiice 


qI aymbt^s ueetl in Uiis finure. 
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Actually tlie ratia <rf Eq. (3-0) varies with ant/ change in applieiJ 
potential no matter lion- small, since the slope of the characteristic 
curve IS not constant Thus rf the magnitude of tlic ultemating 
potentwl in h'ig. 3-11 were c-oiisKle.ra.Wy mcrea««l, the curve of 
fliteniatiiig plate current would cmclcntly differ m wave shape 
from tliat of tJio appliwl emf owing to curvature of tlie ciharac- 
tenstin tiiirvo, and the a-c rcM-itunne would %-nry throughout the 
cycle of impre-bed omf. Thii n the obvious result of operatiug on 
a c\ir\-v.d mrrent-voUage chamctcrisUc. 

Effect of Gas. If a tube contains an appreciable amoiint of 
gas, Its bciiuviiir will besomeohat ei ratio A set of characteristic 
cun-es taken on such a l«bo may l•orIespon<l exactly to those of a 
normal tube up to u l.•I‘^tl^ul point nlien the piste current will 
often jump to much larger vaUiea t ban would normally bo ovpectrd. 
The increase in cnirciil I's a rcsiiU of loniialioti of the gas, the nega* 
live iuiin flowing to the plate and the positive ions to the cathode, 
the latter neutralising a large part, of thn spaw clinrgH fliiririg this 
poeeago uiiJ thus peimittingan increased flow of electrons through 
the tube.' It might he supposecl that such an increase in current 
wDiiiii Ixi lirainihlc, but imlc'^s prDjier prevuiiVions uni lukoii, os m 
tho mercitry-vapor tubes, the relatively heavy positive Ions will 
strike the cathode with sucli force ns gr«itJy to shorten its life. 
Also, a tube containing gas may sometiines ionise and pass current 
when negaitic voltage is applied to the plate, thereby nullifying ita 
action as a rectifier The presence of giw in a high-vacuum tube is 
therefore to be avoided * 

The qiicHtion may well be raised as to just how high the vacuum 
in .a tube must be before it can be said Ihul flip, tube contains no 
gaii As n mutter of fact no pump has yet been devised that will 
remove all the gas f lom a vcf®el. Even sit a pressure of only 10“‘ 
itim (a very high vacuum) there are billions of otiHiis of gas in 
every cubic centiravter iff space Houxvor, the purpose of evacu- 
ating the space through which the electron niu'if travel is to permit 
the electron to make its journey from cathode to plate without 

’ A totalled e-«p)snalion et tlu« pheaomcaoD wilj be found in Chap. J, 
since it Id chnrfietcristic of gta-lUled tubes 

I As a matter of fact the most seriniis effect of gas in a dioje ie cslliode 
'lesUuct-.n Since this may be avoided by proper design, most diodes are 
gas-Sllidiallierthanhigh-vacniim Triodcs.bon'evcr, ofTerdifferort prob- 
lems aiid are most cotninonly high-vnciniin. Tor gas-faied diodoB and their 
aor-icatioira sec Chaps 4 and 7. 
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obstniction. If the tnbe is thcrefons cvaeuatcci to such ii clogt'co 
tliaf. it is ^^erj’ \inlikcly an electron will ciicouni.er an ivl.oin iii its 
p!is.sage over to the plate, it may lie sakl that there is no giis presen (. 
iu the tube. 

To gain some conception of just bow high the ■vacuum siioiild lx:, 
assume a tube the anode and cathode of which are si>ncci! 1 cm 
apart. Then, if an electron is -to travel from cathode to anode 
without striking an atom of gas, it must be cap.'iijlc of li-a\-eliiig at. 
least 1 cm without the probability of cncomitering u gas atom. 
The diutneter of an elocfron lias been determined as •) X 10“” 
cm I that of a gas atom is about 10“* cm, its siw dcjicnding some- 
what upon the kind of gas of which the atom is a eonslituent jnirl. 
If the vessel is now assumed to be twacuated lo a prewiire of 
7 X leaving about 10'- atoms of gns per ciiliic centimotor, 

the apucing between gas atoui-s is nbout lO^’cin, or nearly n hillim 
limes the diameter of an cfcctrow. In other words, an elect, ron will 
pass between two atoms as rcaiiily as n pea would puiw thi'niigh a 
hole having a diameter equal to that of the earth! Obvitiusly, 
the probability of an electron striking an atom is very remote. 

This same problem can be analyzed more sciontifiiially liy a con- 
sideratiion of the mean free j).atb of an ctciitrori. ’i’fio virati free 
path of an cleetvon may be defined as the proiiable flisinnce t.hal, it 
will tra^’nl without a collision and is given by tim equation 



where I = length of mean free patli, cm 
r = radius of gas atom, cm 
n = atoms/cii cm 

For the problem given above. Ibis ccjualion will givn 



Although this distance is only average juid some oloctrons may 
travel a much shorter distance Ixjfore sinking au atoin of gas, it is 
obvious that tlic numlierthat willdoso in tbo short distances found 
in the vacuum tube is ni^ligibly small, so Uint a tube with the elec- 
trode spacing and ev.acualion just assumed w'oulcl bo. said to be 
free of gas (see also page 34J. 
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Rectifier Action. T!ie principal use of the tn-fj-elcinwt, high- 
vacuvua tutie is that of rectification of nlteniating currents. It is 
used e.-ctensiveiy in rcBtifyxng cnirenla of T*ON'<M.fi«i\scwiws (geu- 
emlly 25 nr CO cycles) in owler tosctniieu tl-c supply and has also 
found apphcatiQii at ladio fiequencie^ 

Figure 3-12 shoivs a simple circuit using n diode as a rectifier. 
One lead from the a-c nource is connected to the plate of the tube, 
and tha d-c load (indicated by the resistance Rl) is token oil bc- 
tireen the cuthode of the tube and the other tennina! of the r~c 
supply. During the half cycle of the a-c sujiply udi'ich inipresBen 
positive vollagr on the plate of the diode, current null flow through 



the circuit in an Amount depending upon the leastance of the load 
and the tube drop, but during the negative half cycle no current, 
wli.atsdcver mil flou through the cJmiit 'I’liereCore the emf ap- 
pearing across the load rvmstancc wjU be puljating but unidirec- 
tional The imprc.'-'wl emf js shown in 3-13o;and the current 
ftoiving, m Fig 3-136, nssuminga resistive type of load. 

For ruOBl purposes the pulsating eurruikt, that flow a through tho 
load in the cirruil of Fig. 3-12 would be entirely unsatisfactory. 
Actually this current may be niadoas«iiii5t4intJi.s desired by the use 
of filters or polyphase a-c vicciiits or both. These are discussed 
m Chap. T for low-frequmey appheatioHS iinil in Chiy), 14 for r-f 
applications.' 

i. TRIOPBS 

In 100. , Lee DeForeet mscrtMathitd element, or grid, between 
tlie pla,e and filament i»f the Flemutg valve and laid the founda- 
• I-' r-f service the tube is commonly known as » 


deUetor or dcmcdalaloT, 
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l.ion for some of the most notable acluevements t>f the nge. Radio 
broadcast and jcception, the long-disJaticc IcIcjdIioiic, facsimile- 
picture tratisTnission, public-address sy5ten)s, aiilonudic and re- 
mote cont.rol of all sorts of power mncliincrj', television, radar, 
d-c power transmission, and a nearly Miienrling list of ot her aebievts 
ment-s have been, or are lieing, made possible by the invention 
and furtiier de'\-Gloj)inenl. of l4»e thrce-clcinent tube or li'iode, 
together with the diode and the more recent multielement tubes. 

Tile pi'imar}’ purpose this fcjiinl element- in a vnwnim ttihe is 
to control the tlow of plate current by the insertion of an electric 
charge between anode and, cathode which .will. either increase or 
decrease the effect of ^acc .charge. In the ideal case this charge 
should bo inserted witl iout (I) in any way rctai'ding the ciiri'cnt 
flow mechanically or (2) nhsoihing roiy ciitrenl. Tlic first enneii- 
tiion is approached 1)3’ const.mc1.iiig tlKs grid of u me.sh of wires in 
order to leave os much ^acc as possible through wJiich the elec- 
trons inas’ pass on their way to the plalc.* Tiio secoiifl condition 
may be approached bj' nminlaining (he grid at a.poLenf ittl niore 
negative th an the cathode, wjmh_will lend. to .prevent any. clcc- 
fcrons,froni l)eing nttractol to the grid. 

Static Choractcnsdc Curves. There arc tlnee indcjicnclciit 
variables in a higb-vaciium l-riodc; cutliodc tcmperaUire, pla1,e 
potential, and grid potential; and two dopendont Varinhies; plate 
current and grid eumnl.. 'Ciin’os may be oiituined by permit- 
ting any one of the first three to vni^' wliile tlio other l.wo uie held 
constant. .Such curves are termed the static. c/(or«fl/cri‘fi/fc ci'rrc.s' 
of the tube. For mo.sl purposes, however, cal-hocle lempcratui'c 
is not considered a v.ariablc, since, in a laige majority of applica- 
tions, it is iici^cssaiy onh’ that fJic total emission he at le.nst se^•eral 
times the normal plalc current. The cathode heater or filament 
voltage specified by t-be manufacturer is generally used in' obtain- 
ing the characteristic curves 

Figure 3-14 .shows a circuit for obtaining tlie.se curves for n 
triode. Tlie grid ballcrj’ (or other d-c source) is clix’ided into 
two parts; thus l.hc grid mn}' be made uitficr po.sifivc or negat ive 
with respect to the cathode. A zero-center voltmeter i.s desirable 
for measiii'ing c,. Note ^at all potentials are measured from 
the cathoc^; as all jJOtcaLials'arcreKtfvOjiris necessary that- somc 
poitrt be used as a reference from which to measure. For filamcn- 

‘ Detuils of luLi; construction were given in Chiip. 2. 
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tary-type cutliocles the rpfeitnce poij\t in the negative fitampol 
terminjil wlien direct current is uscjtl to iieat the calhtxle or the 
mKl-tuE) of the tratiafonncr wlsui alternating current i<5 used (as 
in Fig. 7-6). Henceforth when the potential of tho grid-or plate 



r®^ 

dE\ — ^ 
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yic. Circuit (or <l«Unnioin;i iriodc tube charflcteHstlei. 



is stated, it should be uiulerBiood that the potential is measured 
between the grid or plate and the appropriate reference point at the 
cathode. 

Figure 3-15 shows n set ciharactcristic nurvo.s of a triodc. 
Note tlijit each curve is sirDiIar in shape to curve 1, Fig. S-.1, wliere 
the plate current was liiniled by sp.acG charge. In Fig. 3-lG, 
curves of ti vs. ei lire plotted by cross-wauling the curves of Fig 


et, m Volfs 

yjo. 3-1(3. Stntic chsrnclcrislic curves of II Iriodc. Plii(n current vs nliilc 
vottnire. ' 



Fig. 3-17. OiaraderisUc surface of n lotodt! vnomiin iiilie 
3-15. By combining Uicsc two sets of curves, ti (;lmnu:t,eri.sl,)c 
surface' is obtained such as the one itiefcuroc? in Fig, .3-17 ^^•llo^e the 

'I'l'io'tc Proa IHE 

12 , p. 177. April, 192}; Characteristic Surfaces of Tiionnioiiic Valves Univ 
Jras/i. Eng. Exp. Sla. BuU. 24, 1024, ’ 
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plate iind grid vultjigM are measured uUmg the two horizonlat 
axes and the plate entreat on the vertical avis. The lower hoiiion- 
tal plane represents aero plate eurrout-.ajKl the higher plane, satu-' 
ration. 'Ihe normal operating range lies on. the steep slope be- 
tween there two planes, 'flic current in Figs. 3-15 and 3-16 was 
not carried to sufficiently high values to produce saturation since 
we are not normally intere.-rt^ m currents of that niagtiitude 
At this point it is well to note again that the static elitiracteris- 
tic curvc.s of u vacuum tube accurately portray (he itistantaneowi 
actiun of the tube uoder any conditions whatsoever, except when 
the tnumit time of the electron be- 
nomes important, ns at frequencies 
of the order of a few hundred million 
and more Within these limits, no 
matter what the ejctercal circuit may 
be, if the values of any 

two of the three variables t», and 
e, arc known, the third inivy aluniye 
be found for Uml in'.tunt by reading 
from tliesialic oharaolerltttie curves, 
the same thing is true of the three 
variables tV, e», and a,. The student 
^ould bear this oarefully in mind 
as he studies the following pages. 
Potential Distribution. As in the case of the diode, the charac- 
teristic curves of the triodemay heat be explained by a study of the 
potential distribution within the tulie. I..ot curve a, Fig. 3-lR, 
represent the distnbution of potential inskln the tube with the grid 
retnoi'cd. It is aasciTuw! that the cathode teruporature is iioririal 
and IS thcrelore suffioently hi^ to provide an excess of electrons 
under any applied plate jiolnilinl within the normal range of the 
tube , the hliapc of this curve tmi.sL tlierefcwe be similar to curve d, 
hig 3-5, and not to curve b, wbent satnratiim current is flowing. 

ije-nisert*ABi‘poin.tG atiA^ct it runiaui eniirciy 
disconnected electrically from any portion of tlw circuit and from 
ground. The potential c.-cisting at the point G, before insertion 
of the grid, u-as negative and equal to ran, the grid will therefore 
attract electrons until it assumes the potential mn, vhen equilib- 
num will exist. Since the grid Is entirely disconnected from any 
external circuit, or free, this potential in knxiwji as the free-gnd 
potential. 



Pio 3-18 J*otfnlml dutribn- 
tion curvei for u trivJe 
Ciirxe ii IS for x “free" und 
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toward plate, M'bei'eas the positive direction of /iov\’ of ip is consid- 
ered as being from plate toward load, nie logic of tlicse nssiim]j- 
tions will lie fliscussed diortly. 

Equation (3-lS) contains both alternating and direcl. eomjjo- 
nents. Tlie alternating componcnl.s are — + Hr.) and tiC , ; 
the direct components arc /^(r,, + R/.) and + Rtb + ’"pC 
(ji and Tp being assumed consl-ant). If the quantities on either 
side of the equality Mgn in Eq. 0-18) arc to he identical, as the 
equality sign indicates, the nllemaUng and direct components of 
each side of the equ-ation mu-sf. ho, rcfipectivcly, identical. 
may then equate tlie nl1«m.aling components on each side of the 
equation, giving 

-Pc, = ip(rp + Rt.) (3-lfl)^ 

or, in rms values 

Kh + Bi) 7 A (3-20) * 

Tills equation is the basis for all dc.sign of .class A anijdiflcrs and 
is used quite widely in the solution of other tjTSOS of circuits. 
It is yrohuhh j </ic 7no fi_inij> orlanl e(jiiaU o>i in imsH u m-lvbo cniihiccr- 
mg. Eevcrlhclcss it is well to point outagain that it was obtained 

assuming and to be consul ant' ami »w«y he applied onhj vdicii 
the^ iuDc co(ij}ie{ejiis"nrc coimlanl or prjiclically so anti, therefore, 
only wiien tlie grid and pLate po(ont.inls are such us to confine 
operation to the reasonably straight, portions of tire static charac- 
teristic cuiyes.* Fortunately such is the ease in a very large num- 
ber of vacuum-tube applications. 

Tlie logic of assuming it, == /» — ip nitlier than ==■ h + ip 
may now be seen. It is evident from Eq. (.3-19) that- in so far as 
the alternating components are concerned, l.ho t.iibe acts like iui 
all^roatpiijslth.anjiistaiilOTCOUS inducal cjnf of —uCq unci an 
internal impeda^nce Pig. .3-24. The apparcitl source of energy 
from which ip flows is therefore within the l.uhc, and the positive 
direction of flow of v is asmned to be out of the plate. On the 
other hand, the source of euergj' from which h comes is the plate 

' This assumption wss, of courBo, implied by the partial difforenliutioiis 
inEqs. (.3-10), (3-11), and (M2). 

‘ Itmay sometimes be used where those sUpulations do not apply, to give 
equivuloiiC sine-wave conditions of suflioicnt aceuiaoy for the purpose ac 



ITIGH-VACUUU TUBES 


C4 

battery therefore, the poentive direction of tiiis current 13 
asmmed to he from ttw! potativeteiminalof tirclrsiltery to tbs plate. 
Hence the mitiiis Mign between and /, wlton they are combined 
to give 

Tliti terminal voltage of the cqinvalent alternator of Fjg, 3-24 
appears ticTOSS tliQ load irsistancft Iti. and is, of coiirsir, IpHi, 
or Bp If^iatioa (3-20) may iLerefore bo 



(3-21) 

(3-22) 



Tia 3-25 Tnit.tiitanrnti« rurteot, and plate and arid voltaee^, in a 
triode nmplifli’r njth a (iinr-na^c impressed arid veltage Ilesiattvc load 

Phase Relations in aa Amplifier. A graphical repcescntatiun 
of the voltages anti laifrents in a class A triodc amplifier with 
resistance load « shoivn m Fig. 3-25. Tim grid voUnge is assumed 
to be a sine wave of emf superimposed ou the grid bias; the plate 
current is round by lucnns of the method of Pig, 3-21 or with the 
aid of Eti- (3-19); and Uie plate voltage is found from Fig, 3-21 
or from K<i (3-15). The total instantimcous plate voltngn is 
ulnnys les,s tlian the plate-batleiy potential by fLe insitaiifaiieous 
<lrop through llio lucid circuit, so tlmt, as the total current increases, 
the potential must necessarily decrease. This is clearly indicated 
by the curves of ii, and e». Fig. 3-25. Since ij == Jj — tin: 
difference bcUreen the »» curre and the direct current It is indi- 
cated as —ip', to show the actual phase relations between the al- 
■ See Appeodir E for further treattaeat of this proWem, 
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ternating components, the positive alternating piHtc ciirront is 
also shovTi by a dotted curve. This is seen to be in piinsc wilb the 
alternating component of plate voltage as it should be for a 
re.sistancc load. 

A vector diagram of the voltages and current s involved is sliowii 
in Fig. 3-2G.’ Z, is the reference vector; /,i-p atitl Ky arc drawn 
in phase with this cunnnt. —pEg 
is equal to, (/^r, + E,) and is 
therefore also drami in phase with 
Ip. This diagram, except for UlO 
E, vector, is evacUy snmilar to 
standard alternator vector dia- 
grams found in texts on alternat- 
ing ourronls, c.xcopt that the in- 
ternal impedance is in this e.asc resistive only. 

Tire load ciieuit of u vacuum tube may not consist of piire rn- 
siatance; it may contain either inductive l■oac(am!C or oapacilivc 
reactance (Fig. 3-27). It is obvious llmt a condonscr ciiniiot lio 
used dh-ectly in soriesM’ith the plate circuit, since it would jjiovent 


(t) 

Fid. 3-27, .Simple eimiil of n triodc amplifier, (<i) wifli iiitJmil.ivc loiul and 
Qi) with caimoilivo load. 

the flow of direct cttrronl, making the tube inopomtive. How- 
ever, it may frequently be found in jjaiullol with an imluefanro 
or, as in Fig. 3-275, with a rcsislance. When inductance is used, 
the load circuit may proscat cundensive leaclanco, inductive 
reactance, or pure resistance, depending upon whether the fre- 
quency of the input signal is, raspectively, greater than, less tlian, 
or equalto the resonant frequency of lire load. Tins Is a condition 
frequently encountered when the tube is used nt radio frequencies. 

Equation (3-20) may be altered to fit the more general case of 
inductive load by replacing Ri. with Zr. 

* Sec Ajjpondix E for f.ho mellioda of indicating Uw rutuiive dirccliona of 
alternating curronts anti vollngea. 




^9"* j IfV -/-Eti % 

Fjo. 3-20. Vector diuRrmn of n Iri 
o<le ampliiicr with ptiBinliv(i hind. 
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-m£, = Uir, + (3-23) 

where (r, + Zr) must be tifated as a compl ex g uimtlty. 

Fi'siirc 3-28 is a vector diagram for an inductive load. Ip is 
the reference vector, fp-, is m phase with I,; and £, is leading 
by an angle 6 , where 6 is the pliase angle of the load eitctiit. -mE, 
is, course, the vector sum of E, and 
It wtU lie seen that none of the 
three variables Ep. imcl E, is in 
phase. I, lagging — wE, by the angle 
0 and Ef by the angle 6 wlierc 

4> •“ tiui“‘ -^-vr ® “ tiui”* 

fp + Kl Kl 

where L = iaducfance of load circuit 
Jit — resifitoncf! oS load circuit 

If uL IS made increasingly large, as compared with lit. and tf, 
the two voltage vectors will approach a tlO-ciog phase position 
from the current. 



The relative phases arc also clearly shown ia Fig. 3-29. 

Figure 3-30 is a vector diagnini for capacitive load, and Fig. 
3-31 filiows the instantaneous mnrtmt and voltages for this type of 


Vacuum-tube Coefficients. The luoplification factor, plate 
resistance, und mutual conductance <grid-plate transeonductance) 



Tui S.2S. Vector <i>stgrRm of 
A tnoJc ompIiCicr vub indur 
t.ivnlaacl 
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iU'c often rofcrrod tx> as the coeffi- 
cients of a tube. As already indi- 
cated they are, to a considcri^le 
extent, fuii ctions~ df~tirc i nstan ta- 
rieoiTs’ voltages applied to^tlio 
eleoR'odea. ■'“’riie 'mafliemalical c.k- 
pies.sions for these coefficienls 
have been given previously but 
are repeated beiowd 



Fifl. 3-30, Vector tiiiianim of n 
triodc ftiii|iUficr wilb eiipiiritivo 
load. 


dci, _ _ dcp 
9c„ dCt 
Oei, _ Ae.p 
Oh dip 

Oh _ 3 ^ 

dc, OVf 


(3-2-ltr)* 

( 3 . 24 fj)' 





The leader should again note that is Ihc «-c 7)!ntc rexistanen, 
as distinguished from tlie d-c plate rcsisUtiicc Rt, which is merely 
I'h/h (sec also page 46). The product IpVp of Eqs. (3-21) and 
(3-22) gives the iiiteraal tube drop due to the altoruating com- 
ponent alone. 

' The Ki;coiicl oxjjrcssion for each term isi dciivcd frinn the Ttrat hy snl>. 
stitutiiig i,!in roktioiis c, — Jlc + e,, ct ^ Ei + e„ anil A => ft — A wIkh'u 
Ec, El, and h m e, of course, constant. 
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Figure 3-32 sbowa «-urves of p, t,, jiikI g„ of a triode. The ir- 
dcpenJcnt variable is t* rather than c« or fc, since p, r^, and p,. 
are rciiitively independent of chaaees in the plate .md grid poten- 
tirtk, provided both are varied in sucha manner as t o kenj) llie plate 
current constant This statement is borne out by the curves of 
I’lgs a ifi and 3-10 where it miiy 1 h* seen that the slope of all 
curves IS nearly the sinie for a given value of i». 

Grid Current. Little ha? been said so far about the poiviibility 
nf current, flow In the gtid ciTcmt The fimiiMineiital purjicse of 
inserting a grid in the tube is merely In utter the effect of the space 
clvarge and so ecmtrrJ tbii flow of plate current, yet electrons will 



lloiv 1,0 the grid just a« to theplatc, if it biiziaiataiiied nf, a potential 
more positive thiic tfie/iec-gnd potential. In Fig 3-33 are shoira 
curves of grid current m a tciodo tlctermincd by means of the cir- 
cuit of !'')g 3-14 The grid current is seen to vary axponcDtiitlly 
V ilh grid Vdllagfi just as did the plate current. All curves neces- 
sarily come to zero a(, llic free-^rid potential (practically at e. = 0 
for this tube), defined at; that potential at which electrons Just 
cease to flow to the gnd.' This point varirs slightly for each 
' ActuaJly this tlcfipition tsaot quite rigid, sinw! rottic positive ions nre 
ahi.iya present The frcti-griij potentitil is the potential at which equi- 
JiLiiuni evtsU between llie flow of electrons and of ions to the grid, the not 
grid current being letc*. In a tiighljr evacuated tube the cumber of iocs is, 
of course, sioa!!. 
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cur\’e, nithoiigli tliG eliange is loo small Lo be noticeable in tbe 
figure. 

As tlie plate voltage is increased, the giid tinrent is .seen to 
decrease, an olTcct shown more clearly in l'”ig. IKl-l. 'I’liat this 
.should have been c.\j)eftcd jnn3' 1>e seen from (he potential di.s- 
trihutioii eurvea (Fig. 3-35). Tlicse enrvc.s idl represent the di.s- 
tribution ■with free grid, the frec-grid poteulinl.s for tlic plate 



voltages a, b, and c being pi, ps, and ps, respectively. If l.lio grid 
potent ial is now set. at p, current will flow to the grid under the 
pote.ntial ppx with jjlalc voltage a. Similarh’ for l.he lower jilatc 
voltage b, the grid current is flowing under a i)[>lont.ial pp~, grcEiter 
than for o. For c, the effeu-.tivo grid potential pps i.s still greater. 

Tliis may also be stated by saying tint mi elcc;ti-on traveling 
toward tlie intersl.ioes of the grid, as a: in Fig. 3-3f), maj' bo drawn 
to one side and so into a grid wire if tiic plate voltage is low, but, 
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if the plate voltage is increasi'U, the effect of the grid on thts elec- 
tion be ovcrpQ\^crc<^, uwl Um electron go lo tlic plate instead. 
Elf.'ctTons traveling direeilv toward the grid wires, ns ij, will, o( 
coui>*, go lato the grid, tegcirdlc'-s of the 
mngnUUde of the plate voltage, as long 
ar. the gnd reimiKis pof-itive. Therefore 
Uu- grid (lurrenl will be laigcr nt the loner 
j>lalr jiiHcntuis. 

A Hon of grid current is iisimlly iincle- 
sirable. In the circuit of Fig. 3-22 it will 
linvc the oflwt of rcfiuiring that nddi- 
fio 3.W Poronful^^dis p<tu»r be delivered by the a-c 

Iniilu6’'{!i»''eir9” ot Uw souipc Also, if the Input alternator has 
pluM potential on the end internal impidance, the flow of grid cur- 
rent will produce a voltage drop which 
will be greater on the positive half cycle than on the negative 
half uyelo so t}ial> n Jistnrlcsl wavc will be applied tn tlic grid. 
This phase of the pwblem wtl! Ik tU'CU««eil ntoro 
fully later (page 351). 

i. MULTIOMD TOBES 


In a vacuum-tube amphlicr die cnrreiil in one i:ir- 
cuit (plate) is (ontrolied die polenlini applied to 
nnothcj* (end) This process sliouW picferably be 
unilaterul, i e , the enrrmt nnd potential sot iip in 
the plate circuit idiould litive iiu clfcel on the gi id 
potential. Since electrons flow only fnim tlic enth- 
ixlt! through the grid structuic to the plato (and nol to "the plate 
in the reverse directnm), the operation (rf the tube but 

would bcentirely unilateral if It acre not for the elec- mav'g;o to the 
trostatic eapacitane© between plntc and grid As is 
nioie fully demonstratetl mi pagp 424, this enpaci- 
tance may have very Uiidesirablo effects, especially Eleetroni/win 
wt ladiu {icqueiiLiiis. Te(inllcta*'"or 

Tetrodes. Screen-grid Tubes. Tbe screen-grid plate po- 
lube Wica developed piimaiily loelhninjvti: the grid- 
to-plate capi.r.iliince, aUbou^ the applications of this tube h.ivc 
extended considerably b^’cmd tlus original purpo.se. An mkli- 
tional grid, or screen, i» Inserted between the regular control 
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grid nud the uiiotie (Fie- 3-37).i Shielding is iilso sut)l)lied on 
the outside of the phite. lu glass-enwlopc tubes (Fig. 3-37c0 this 
is done by slipping a metnl shield can over Uic tube nf1,ei- it has 
been insortwl in its socket, and even hetler results arc oblaiiuKl 
n-ith metal-envelope tubes (Fig. 3-376) by giwnuliiig l.ho cin'c- 
lope. An additional sbicld at the Ic^ of the lube surrounds the 
grid lead to climinalo capactfancc between tiiis load and the plate. 
In gla.ss-envelone tubes the shield cun should have a metal ring 
that fits closely aroiuid tJio outside of the glass oppo.site this in- 
ternal shield as shown. 



I'la. 8-37. SketflhoB eliowing l)jc (tcncral cotistniolKUi nf surrou-gvitl tubes, 
espouiully thn nie(lMnIi» of providing nd«‘C|ualo sliictdiiig. I'resent-tiiiy 
prftciict! is to use pentfMlcs which include a IIunI or miiinrossor grid (seVi 
Fig. 3-51). 

When this tube is used as an amplifier, the ficieeu grid is lied t.o 
the eal,hode (li/navncalhj so that no change in poteiit.ial can netair 
between these two elements, thus providing an clTccti\ c eloctiT)- 
sUd.ic shield between plate and grid. fUaltcallif t.iin soreen grid is 
maintained at a positive potential relative to I, be eatliode to per- 
nvi^a normal flow of electrons through the lube, 'i'ho.sr; f.ivo con- 
ditions arc secured in practice by reUiniing the screen-grid lead to a 
point of_^po,sitivc potential and coniiecting.a low-iriipcduucc (;on- 
deiiser between screen grid and cathode. 

' Tubes of lliiK (.ype nre now built witli l/irccgritiB, not l.wo, us iltKci jliciI 
on p. 77, but ilie general construcUou is as shown, uspi-cially with I'egnril to 
the shielding. 
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The mec-hatiism of the ^ieWing action may he. s?rn from Fig. 
3-38. A triodc JS reprcscnlcfl tn (a) of FiR. 3-38,' anri a screcn- 
gtic! tube in (6;, with only tHe altcniatinR voUages shomi in tin- 
external circuits. It is evident that m the case of the triode the 



Fiti S-SS illuatratiug tbeshjelJiogncuoncf aecrocngrid- 


electrostatic field set up by tlic plate voltajte must evtcod to the 
catiiodc, thereby induciRR ii voltage on tlie grid In the screen- 
Rrifl tube, however, tliu itUeriialing plate voltage is set up beUveen 
anode and screen, and the region between screen and cathode, in 
%\hich the regular (ot control) Rrid m lo*^ivte»l, will have wrn flehl 
m so far ns the plate voiuige is concerned. The fact that direct 
vollniri'K must also bo locliKk-d m a practical circuit (at the points 
indicated by crosses) in no «-ay affects the a-c fields The d-e 
fields are of course of no interest, 
»mcc they itro steady and will cnuwi 
no allcruatiiig current to flow in the 
grid circuit 

Tetrode Static Characteristic 
Curves- If curves of total space 
current. -J- (where Vj is the in- 
stantaneous ciinunt flow to the: scnien 
grid) are plotted against control-grid 
1 10 n-aa Curves «>f rotal voltage e.i for various scrccn-jnd vol- 
tp(Vir(ip^'}»r^v»rious ecr^-griU higin, tlic resulting cui^'es (Fig- 3-39) 
trol'nTd aKainst coo- will he very Bitnilwi to the plate-cur- 

rent— giid-voltaga nurvea of the tiiodo 
(Fig, 3-15,p.age 62), where the plafe voltage was changed In steps. 
In other words, in enfaras the space current flowing away from the 
calhoiie is concerned, tlm .screen grid fnn<;tions as an anode 30 that 
cathode, control grid, and screen ^id TOm-.titutc a "more nr lose 
conventional triode m themselves. It is interesting to note that 
this space curient is, Jiawev^^IrtuaOy independent of the plate 
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voltage, since the scixion grid fflrvcs as an elccliosfutic sliicitl to 
prevent the plate from.nfTecting Ihe fidd aroniid the catlioclc. If 
this sliiclding action is perfect, theplnte can liavo no effect vlialso- 
e\'cr on this field (space charge) and can, therefore, cause no 
change in the nximlxsr of electrons leaving the vicinily of the calli- 
ode. In practice the shielding, nIUiough not perfect, can be made 
sufficiently effective to prevent the plate from causing more I him a 
few per cent change in space current when its potcntiiil is 'vai-ictl 
from zero to its maximum sjife value. 

In Fig. 3d0 cuiTCS of tV, jVs, and of their total jux; j)lot( cd against 
plate voU.ago for three different, control-grid volliig(r.s. Tiu? cnia’os 



of total space current arc virtually flat, hearing out the st,alemen(. 
already made that this current is nearly iiidepwident of the plate 
voltage. On the other hand, Ific plate cuiTcnt is far from iiifie- 
pendcnl, unie&s the plate potential is soincuiiat greater lliiin-lh.at 
of tlic screen grid. The space current divides hetwceii the .screeti 
grid and plate in a manner determined in part liy the jjot.ent.ial 
applied to eacii, their rdatix'e areas, and the diafantio of each from 
the cathode, although, if these were the only factors involved, t he 
plate current -would rise r.ather abruptly to its final x-aluo and would 
not have the negative dip shown. Unfortunately, as each eleef.ron 
from the cathode sl.i'ikes the screen grid or plate, it lends to knock 
o.ut one or more additional electrons, a phenomenon described in 
Chap. 1 as secondary emission. fHiese secondary electi-oiis tend 1.o 
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travel to tlio rlectroclc of liigliest polciitisil nncl BO constitute a flow 
of current from the one electrode to lli« other. 

In Fig 3-40, as the plate potential ih increased from sero, tlie 
pUte first attracts an incroasiUBly larRcrperL'cntngc of the electrons 
being draw n a>\ ay from the cathode hy titc screen grid, so tl\at the 
plate current rises, while ll»e scrccn-grid current dccrcase.s bj- a 
nearly equal iimtiiuiL Au the- pfafe voltage is still /iirthcr in- 
criMsi'd, the velocity of impaelof thcdcctrons becomes siifncieiit to 
proiliKiB a copious setondarj' emission; and sinea llie .scnirn-griil 
potential is ctill higher than that of the pUlc, Uii-sd electrons nn; 
drawn over to the screen, thereby incivasing the ecrecn-griil cur- 
rent and decreasing the plate currruil At one point in the cun'es 
i>( Fig 8-40 t he omisswvn tif srvoiKlary cleeLrotiB becomes so profits 
that they nxceisl in iiiimln.>r t liosii flotviiig /0 the plate, and the net 
pl.itccurrcntlsncgativo.’ Bcj'ond 
this point, nlthough seceiidarj' 
emission contiiiucM to inemnse, 
electrons so cmittcil tend to full 
back into the plate, its potential 
iH-ing virtually us liigh us that of 
ttie. screen grid, lleyontl this 
(loint, tnu, lilt! plate soon begin* 
to attract ECccmciaty'-cnniMion 
electrons from the sen-en Kri<l, although the number of such elec- 
trons is sm.ilJ — rievi'r BuIRcient to produce a negatfi'c sercen-grid 
current in commercial talies. 

The scccndarj'-einissioii effect just tlc-scribcd limits the rmgc 
throiiglioiit ivluch the tube may be operated. If the platu voltage 
IS alloived to Hiving below the potcnliul *, the dynamic fj-ed curve 
will have a serious bend at the upper «id. Mirh ns in Fig. 3-41, 
where the mmiitiimi plate ventage U aliout at y (Fig. 3-10). For 
iivample, the rorm.al j»Intc voltage on a certain hcrccn-grid tube 
IS ISO volts, and the plate current is virtually indopeniicnt of the 
pkte vcittage <.lov.n to about 100 volts Hic maximum alternating 
voltage pemii&sible m the pl.-ile circuit is then 

(ISO - 100)0 707 = 56 5 volts mis 
whereas, if the plate nirrcntwcteindepciidcnl of the plate vollage 

i> tmpinisiic 


Fib 3-11 Dynamio i»-<n curie for 
a iclroile inutiirU the minim<im lo- 
Nlitiituiiiioua nluti* lolutKc is 
than {Iu9 scrveii-icnJ loltnue 
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to a value as low as, say, 20 \tilts, llic allemating voltage could be 
double, or 113 volts. 



faj (W 

ViG. 3-42. PolcHtiiil diBUibuUon cun-cs o( ft scrccn-crid tclrndr. 


Potential Distribution. Ctm-cs of polcntlnl distribution wilhitv 
tho screen-grid tube may bo dmwn similar to those* of Fig. 3-lS 
for tilio triodc. Four such curves arc sliouui in Fig. 3-42 for tlilTni-- 
ent anode voltages, other electrode potentials hclng lielcl constant, 
’’I’ho curves aliowTi in (o) nre lalcen along a >. >, 

line intorsecsting wires of the screen and ^ ^ 

control grids, as AA' in Fig. 3-43. It will "t | 

bo seen that- t,he portion of the ciiire abe is ^ *1 * | § 

quite similar to curve c of Fig. 3-lS for the ^ ^ 

l-riodt* and is entirely independent of the • • 

potential distribution from screen to anode ^ ^ 

as indicated by the two curves ahal nn<l • • 

abed', curves ed and cd' rcpmsciiting two 8 — ^ g' 

different anode voltage.s, other electrode • • 

potentials being constant. E\ddenUy the I'lc, 3-13. Kiiotrli Blitm-- 
number of electrons traveling through t.he '"K tw« jiHtlis 

region between cjilbode and screen will be nionK s^Oddl' uic 
the same regardless of tho anode voltaieejt.c., 
the space charge is unafTected by the anode.’ ' 

On tho other hand if a path is considered lliat does not inter.spct, 
a wire of the screen, as BB', Pig. 3-43 (where the jrnth shon'ii also 

' Altbougli cicctroiig cannot actually travel along a piU.li iiitci’srctiiiK a 
(-rid wire, these potential distribution curves apply willi rciiHOimbie aecu- 
raoy to a path passing close to a grid wire. 
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j>asscs between wires of the control although this is not a 
necessary cninlition). the pot«i«al curves will be as in (i) of Fig 
3-42, where the curves ol»«i arid ofce'd' represent two different 
plate potentials, all other electrode potentials ceniaitnng un- 
changed. In thru case the potentwil at the plane of the soreen grid 
ivill obviously be affected by Uie anode, the relative effect of anode 
and screen gnd bemg a function of thar respective potentials and 
of the proximity uml area of their nearest surfaces. With such a 
potential distnbution it is obvious tlmt the rjiuco ciitrent between 



catlioiie anfi screen wjJI be somewhat affected by the potential on 
the anode. Thu.s perfeet Sftrecning requires the iriscrtion of a eon- 
linuous screening surface across the entire electron path, wliirli 
would, unfortunately, effectively prevent the paasage of any 
electrons throiigli to the iinode- Perfect shielding in this type of 
tube is therefore impossible. 

Variations in n, and -with, Fig,i.ire a-dt slwws how 
/i, r„ and vary with the plate voltage of a typical screen-grid 
ttiiic. Ty IS negative for quite a range cS plate voltage, because of 
the negative slope of the plate-cnrrent— plntc-voltage curve, a 
characteristic thatTnakcsjuany screen-grid tubE.*a suitable a.s dyna- 
trem oscillators (see page 477). Throughout the operating range 
of the tvibe the plate niastance is extremely high,' its magnitude 

‘ The eperating ringe for tbU tittle lies above about, 120 volts, 
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being au excellent JncJicntion. of. tiic screening effecl. of .tlic.Ri'id. 
This follows .since a high reastance means that Iho slope of the 
piate-currcnt-plate-voltagc cuiro must be nr.'U'ly horisionla! oi- 
that the plate current isvirt-tially iud<^cnclent of the pintc voilage, 
the natural result of good screening. 

The amplification factor tt is also quilc variable with plat e \-olt- 
age, attaining high values at high plate vollagcs. A high >2 is also 
an indication of good scj-eening, ancojx is a measure of the relative 
effcctivenes.'; of the plate and the grid in controlling (he flow of 
current through the tube. If the ciirrcnt in (be jdnto were ciith-elj' 
independent of the plate voHngc, /» would be infinite. 

Applications. Tetrodes aro^Bcldqm used 
now, having been largely siipcjwdcd _bj' 
pentodes^and beara tubes. Nevertheless an 
understanding of the pciformanrc and 
limitations of tetrodes, as given in (he 
preoeding paragraphs, is desirable before 
studying tlie more recent types of tubes 
now in use. heavy 

T» A j m t . . I A curve Is llio niiniJiil 

Pentodes. The, plntc-ciirrent-ijlatc- ciuirnotortslie of a 
voltage oharncterisUc of a sc.rccn-crid Uibe ^.r^cn-gritj tctrnrlo. 
. 1 j • .1 1-1 , li- n T he ilotied curve 8 lOWK 

IS reproduced m the solid curve of I'jg. a-'Jo, ,i„, of olimittai.. 
showing the charnctenstie dip oan^ by ins the flow of scsomi- 
sBOon clan'’-emiasion electrons traveling from from'tlio''pl«to. 
the plate to_lhe screen grid. If a means is 
provided to prevent the flow of these cleclrons, the curve will have 
the general shape shown by the dotted line, ri.sliig almost immedi- 
ately to a value only slightly less than the. total space current, rlrawn 
over from the cat.hodo Ijj’ the screen grid. It is the funot.ion of 
the tliird g rid inj.hc tube to produce Ibis t3’pe of chnrau- 

tcrifitie by preventing the How of secondary' olccl-rojiH. 

Tlio"fifst or inner grit! of a pentode tid>c (the grid nearest the 
cathode) is the control grid and senres the same function us in a 
triodc. The next one is generally known as the screen grifl. i'i’he 
outer grid is the coflwife, or jrappressor, grid and is ordinarily' tied 
directly _to tho^eathode, either inside the tube or byl’ an extcnial con- 
nection.; Figures 2-1, 2-3, and 2-4 arc views of low'-j)owcr, r-f 
pentodes.' Low-frequency pentodes are similar but. Iiavo nil leads 

' The abbreviations r-f and a-f arc commonly uaod for radio-frequency 
and audio-frequenoy. Audio frequencies are thoso wliich arc audible to 
the human ear and arc saincUmcs referred loin this book as low frequencies. 
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brought out at. the base {as da uumy designs of r-f peutodss). 
Figure 3-ifi is a sectional vuw trf a type of r-f, high-power pentode 
111 nbich the three grids nre clearly dtstingwi^iiable, and Ing. 3-47 
NhrivMi, by way of contrast, a miniatnre I'-f pent ode 
ioT use up to “too ilc. 

Elocl.Tiins produced at the p!ate_of a pcntode_l>y 
•sccimdary emission arc prevent cil from goin g over 
to the screen gtiil Ivy the iiegvtive gradie nt set u p 
by the aero-potential Nippressor grid, bans 
cmitlfil with mstilRcient energy' to permit "thm 
to eros.* this bami'r. ft should lie noteti, hw- 
ever, that liiu piesence of the suppressor grid 
does not jircvenl secondary emission but rwHy 
eomjieU all electrons emitted in this manner to 
return to the plutc. Tims the nctinii is Bimilur 
to tlio tnode, where secondary cmis‘.ion al^o «curB 
but has no effect upon the operation of the tube, 
since there is no positive potcjiti'il point to which 
liie electrons can be attracted otiier titan back to 
the plate. 

Naming the second gri<) the ecrecn grid is some- 
ivliatjiusleiwlingbutscein.stobc stitnclanlijmcticr. 
Fia 3 41) \ cut- Actually the suppressor giid, in addition to its 
irnrisniittisg tvre Suppressing the secondary* emission 
psiutide The current, is iLsnuich of on electrostatic shield ns i.4 
fir^iijlht out loth* screen Tho function of the screen grid ilificrs 
(inp, r ]1 othrts to from that of the suppressor in tliat it is laised to 
eicatj posith'f putential to attract electrons from the 
cril »priiiK» to legion of ihe cathode luid tiius produce current 
frum j through the tubc. Without Biloh ^positive 

the ngiti mount potcnli.oJ between the suppressor and cathode 
trn<i4^ space charge would prevent all but a very 

few electrons from traveling fur from the cathode. 

S’entocSe Characterisfic Curves. The characteristic cuit es of a 
typical pcntofle are shown in Tig. 3-48. Comparison with Fig- 
3-40 shows the complete elimination of tin; negative-dip cliai- 
actenatic of tetrodes. The curves are seen to be neaily horizontal 
over a wiile range of plate potentiah (the normal direct plate 
voltage of this tube js about 50 per cent higher than that of the 
tube of Fig. 3-40) ; and since the plate resistance of a tube is wiual 
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to t!ie reciprocal of the, slope of tic it-Ct curr'c [Kq. (3-24.?;)], it is 
cr'iclenl that r„ is \-eiT Itigli and much more constant, than in a 
tetrode. The plate resistance of pentodes intended for low- 
power, r-f amplification is of the order of 1,500,000 ohms or higher; 
that of a-f, power-output pentodes is of the order of 100,000 t)h!Tis 
(as in Fig. 3-4S). The amplification factor of (he r-f type is of 
tlie order of 1500 or more; and llial of the a-f tj'pe is 100 to 250. 
p is more constant than in the cor- , 
responding tetrodes, hnl Ihe trails- •- 
eoiiduclance varies in about the same ; 
maiuier. t 

Potential Distribution. The po- ■ 
tenlinl distribution witliiii a pentode j 
tul )0 is illustrutccl in Fig. 3-40. Curve ] 
o5cdt! represents the polcnlini along a : 
lino intersecting a wire on each of iho ■- 
thi'on grids, ns d A' of Fig. 3-50; ciin'O ; 
ab'c'ti'c represents the dis( rihutioii | 
along any line passing between wires j 
on each of the throe grids, as J3/i' of j 
Fig. 8-50. Tlio suppressor is assumed • 
to be tied to the cathode in both cases, j 
It should be obvious from inspection 
of the figure that, barring the effect of ; 
any oolIisioiiB encoiuitcr^ along the . 

Wily,* al! electrons that pass the control I'*i«.3-17. Miniature r-f (leii. 
grid will have sufficient energy to pass 

■ 7 r, c to^OOMc. (RCA.) 

the suppressor giuu. Some will, of 

course, strike tlic wives of (Jic screen or supprc.ssor grids and so re- 
turn to the cathode without reaching the anode, but all others will 
reach the anode.* 

A clearer picture may Ixj dniwn by considering the velocitj' of 
the elecl.i'ons al various ]>ointfi in tlic tube. To illustrate, eonsificr 
an electron that is emitted from the cathode with just Ruflieient 
velocity to oai'iy it past, the control grid. Its \’elooif,y ii(. any 
point beyond will be a function of the difference in potential bo 
tween that point and the poUaitial b' at which the elotilron passed 
through the control grid with virtually aero velocity. This may be 

‘ Collisions ill a high-vacuum tube arc, of coiirec, JiiKlily unlikely. 

* See footnote on p. 75. 
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.ocn hy applying ihe principle of conservation of energy. As nr. 
dnctroa passes, or “faHs.” from one n.'Eion to another through 



Pin 3-4S. t> ~ rratterhararterisiiceurvcsoion b-t pnvcr-Dutput pentoJe 

tllbB 


II dilTerencL* of potontiaJ, it loee.s potentinl cHerg>'. This loss wnist 
exactly equal tl«' hinctic energy of motion that, it gains, or 



where E =« imtential difference througii which electron falls, volts 
« = elmrgc on electron, cimlwiibs 
711 = iniuj^ of elcetrojj, kg 
1' — velocity of rlc.clroa, m/sec 

Shiee the only variable qnantiUes are v and E, the prcniit=c is 
proved. 

It is now possible to dctennlne whether or not electrons will still 
have Bufiicient velocity when they reach the plane of the sup- 
pressor to pass on through to the anode. Inspection of Fig. 3-49 
shows that the potimti.al at all points in the plane of the suppressor 
grid hut between its wires is highlit than that of the grid 
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stnicture itscK, as point d'. Therefore, all points in ilio pliino 
of the suppressor are at a more posith'C potential than points in 
the plane of the control grifl such ns ft'. Tims 
all electrons passing Ujc control grid and ‘ 

not striking the screen wall roach the plane 
of the suppressor grid with some remaining 
velocity.' A few will, of course, strike the 
grid wiles of the .suppressor and so rotuni 
to the cathode, but the majority' Avill pass 
oil oi’er to the anode. 

If the suppressor is to prevent secondary- 
emission electrons from passing from an<Klc 
to scrooii grid, it is obvious Hint ttie potential 
d' must bo sufficiently nc^tivc with respect ,, ,. 

^ 1 ■ ,1 j • Kic. 3 -lU. J'oteniiul ilisi. 

to the anode at t'W tme tcftcir Ihc anode ts irilmtioacurvoKofniinn. 
iMst posilivo to atop the highest velocity lodr tuim. 
secondary-emission electrons that are being emitted. Since the 
pentode was designed to peimit large v-irintions in plate potential, 
resulting in veo' lo"' anode ^’ollagcs at cer- 
tain points in the a-e cycle, it is e-ssential 
that the maximum potential in the inter- 
stices of the stijiprcssor grid be kept ns lo^v 
us reasonably posable. This can he done 
in i>arl by using a fiiic-mesh grid for the 
suppressor, but it must be remembered that 
any .step iu tliat direction will necessarily 
' rcflucc the area through which clectron.s may 
i' flow to the anode. The ctTcctivfinoss of the 
suppressor may also be increased by making 
it smnmvhat negative wit.h respect to the 
fiG. 3-00. Sketch allow- cathode, provided the ai’crage potcntiul in 
'eniodo^'i uhr^ftion" of tbc suppressor is far enough 

whith Uie potfliltial cils^ above that at tlic control gritl to allow elec- 
sWerecr" ^ reach the anotle in siifficieiit num- 

l)crs. A better solution to the suppressor 
problem is the beam tube described ina later section of this chapter. 

' It is, of course, possible for some points in the plane of tbu control grid 
to ]>e iit aaliglilly pusit.ivepotcnUd) if the grid wires arc far apart. Even so, 
since all electrons must start nt the cathode, they will have sulEciant energy 
t.o puss the suppressor unless i( is made ncjjaffBcwilli respect to the cathode. 
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Remote CutoR Tubes. Remote cutoff Itibrs (uIho kno«n as 
tanobir-u lubes; arc prntuilcs so tleaigned th-at their cocRicicnu 
gi, jirul r,) \ ary onlj gradually avitli cliauses in Kritl bias.* 
''w It .t dcsiijn pnJ' "h'J' “ tuf*® f®*" aniplificr the giiin of 

nliii-h m.iv Iw vanitl hy adjustment of tho direct grid wltnee or 
bias, umetliod of control that i% essctilLal 
nlinw Biitomutic s olvime control is ilc- 
sintl, as. lor cx.-imple, in radiorcccivern 
(gee page 5S7) 

One method of dcsiiTi'ng a pentivlc 
Uibo of thvs type j* ehoi\n in Fig. 3-51, 
which is csbcntiaily a cinsR-Hccliou vieu 
of I'tg. 2-2, If (except for the fihu'ld at 
(lie top of the tube). Tho mesh of the 
couliol end is varied throughout its 
' length. Vicing cloie togcthei at the top 

.an«l bottom And far op-irt in the center, 

3 11 sKnrii shouiiic Such a coiLstructiun enables the grid 
Hjtu0%''iitui)r''*^ current eciUwly 

tlirixigl) the upper and lower portioin 
i>f Its slnitutrc at a givwi hcgaliie potcnlidl while still pennil- 
ting c'lrri'ni id fitjvi tliroiigh the i*eiitcr portidiK The chiinictrr- 
I'tif I’linc (■/ Mil'll a lube is shown in Fig. 3-.'i2, nioiig with tho 
tunc of the conventional -harp cutoff 
type of tilin' iL Witt be seen that the 
vurwiturc willi the ri'Oioie eutolT fiilioh 
rmitii i<«s fliun with the nllicr, iLcrcfore, 
till' change in lube t'on'-laiils will Im much 
ui'ire iwndual »■> the bm is varied. ITn- 
1--.H Midi cb.iiige isgradiial, tlio porforin- 
sineeuf ibc tiiljc ii'- nn amplifier may lie 
Kri<)U!.ly iinpriircil ’ (In the other imnd, 
a l,TTairr ih.ango in \ ciltage is requiced to 
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FfO. 3-52. 

IHK tlio t»-c.i curve oi iv 

„ 1 .1 i" ' conventional sharp cutnfT 

coiurcii Kic volume, but the increase is not pentode togetVier with one 
so great ;ia to be prohibitive. “ remote culoft prntmie 

Beam Power Tube. Tlie principal limitation to the power 
output of the jieiiioilo tube lies in tJic magnitude of the third- 
iiartnoiui’ «ti<tortian eixniionent generated. Tills distortion is 
' Am|i1iluje JijtortloB fs one vndeeimbk) result (see p. 25S): another is 
tro*a modulation <ji.S3I>, 
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caused priinavil}' by tlie CTin'aturo of the u-Cj, characteristic at 
low plate voltages, as in tlie vicinity of a, Fig. 3-^lS. An in\'osLig.a- 
tion led to the conclusion Uiat this is largely duo to flie use of u 
grid type of consti-uction for the suppressor, resulting in nommi- 
form supprcssor aefion across the electron path. 

The ideal suppressor is evidently one having n uniform cfTecl 
o^-or the entire area of plate-current flow. Sucli an ideal CJinnot 
possibly be achieved by a mechanical grid structure (see discussion 
of Fig- 3-4!13 but is possible if a w;ro-gradicnt space ehaigo ean he 
set up between plate and screen grid. Such n cliargc may exist 
to some extent between any two electrodes of a tube when current 
is flowing, especially when electrons flow from the iiiglicr to the 
lower potential, as in a screen-grid tulw! with low plate voltage. 
Uiiclor such circurasUmcos the electrons filou’ down and form a 
low-gradient charge near the electrode of lower jjotciilinl (plate), 
If the oloclron density is sufRcicnlly groat ami is uniform through- 
out the path of electronic flow, a virtual cathode \vill bo formed. 
(A virtual cathode is a region at appj-o.xinialely r-cro potential atu! 
having low electron velocities an<l higli electron densities.) 
f The design of the bc.im tube is such as to make use of tliu virtual 
cathode method of suppressing the flow of soeondary-emisaion 
electrons from the plate.' The very high density of olectrons re- 
quired is obtained through confinement of Urc eloetroiis to beams 
by means of bcum-foi-ming plates loailcd OJi cither side of the tube 
and by using tiio same spacing between wires on t.hc couli-ol grid 
and on tlie screen grid, with tlie screen grid being so inouniefi us to 
lie in the eleclioiii'c "slmdow” of the control grid. Tlms.an-eloc- 
tron UiatJias.pas.sed tliroiighjLhe control grid may continue cm (o 
tEe'plate with out striking jho screen or bding'apjireciubly deflected 
from-its path. This tyjie of construcUon also docvea.scs the 
screen-grid current, since no electron can strike tlu; screen except liy 
following u curved path around a wire of (ho. contra! grifl. 

A drawing of this tube is shown in Fig. .3-53i-, clearly indieutiiig 
the electron beams formed by Uie grid struc(.ure and the two bojim- 
forming plates. The latter are connected cicutrically to the 
cathode and, in addition to confining the electrons to beams, 

' R- S. Burnap, Now PcvelopmcDts in Auilio IVnver Tubes, RCA Rev., 
1, p,^ 101, July, iSisr,; .!. F. JJreyer, Tlic Bonm rowr-DUtput Tiitie, Eke'- 
(roTiics, 6, p. 18, April, 1930; O. If. Schadc, Bciim Po«-er Tubes, Prnc. TRE 
20, p. 137, February, 1038. 
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serve to prevent eny stm 3 - socondaiy-cmissioii eleetrons from 
reaching the screen grici from the ends of the tube- The construc- 
tion of the tube is further illustrated bj' the eross-secl.ioiial view of 
Fig. 3-53a and the photograph of Fig. 3-54. 

Potential Distribution Curves. A ns -jj 

potential distribution cun’c for a path g, 

intersecting a wire of Uie screen grid "I j g I g ^ 

is shown in Fig. 3-55. A marfcwl dip , ^ g g 

in the curve is observjdjlc bflarccn .J , 1*^ 

screen grid and anode, indicating the j 

presence of a virtual callmdc which ^ 

prevents secondury-cniission electrons <£ I 

from reaching the screen. For lower ^ y_y I ^ 

pinto •'mltages the j)late ami virtual o | 

cathode act as a diode witli plate ofsfoncc fromcalMe 

eurrentlimitcdbyspacechargc, giving Fio. S-.'S. Polotilml diaVrihu. 

, , I ..-L. V . • Uoii curve of a beam power 

'h» ''Tep portion of the chiiractcnstic 

eiKw- 'Fig. 3-56) such as the region 



below Ch = 50 volts for a grid voltage of zero. For higher po- 
tentials the plate cuirent is limited by saturation of the virtual 
cathode and is essentially independent of the plate vnllugo. This 
is Dlustrated by the flat portions of the chacacterist.ie emwes (Fig. 
3-56) lying aboveaboutCfc = 50 volts, for c. = 0. Since the virtual 
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cathodo has n coinparotiwly surface and since the design 
of (.he tube is such that the dcctrons fiotv in beams, the distance 
bet\reon the virttial tathode and tlw nniule is iiearly tin- wime at 
all points Thus condiUons in the Uibo closely appro-simate tho.'ie 
of the infinite paraJlel-plune electrodes assiiincd in plotting the 
ideal diode charactenslic curves «f Mb 3-8, nncl tlio similarity 
betwreu the beam-«ube ch&Ktct«ri«--tic ami those of tho ideal diode 
i-s at once apparent It m, »>f course, evident that the number of 
elrelrons ri;ui-hniB the MJtual cathode and, then-fore, the nwgni- 
ludp of the plate current under vutual cathode saturatiem condi- 
ttons are under control of bnlh control* and screen-grid potentials. 
'I'liUB the family of curves frf Mg. 3-58 w fop various ccintrol-grid 
potentials rather than cathode (oiiiperalurcs ns Jo Fig S-8. (T^ie 
acrecn-crid potential uas held constant.) 

CompansoQ of tho curves of F»ff 3-5C irjth th(>«e of the pontode 
CFig 3-46) shou'3 (he (uo to be similar e.vci^it that those of tlm 
txiam tube bend more abruptly at Ion plate voltages, thus e\tend- 
ing tho straight portions of the curves to even loner potentials. 
Thu permits a greater poncr uuljiut mtlionl distcirlirm than is 
pussibln with the pcnUxle 

Muldgrid Tubes as Amplifiers. MviUigrid tubes are commonly 
used ivs mnplificis m the i>amo manner as triuih-s. The Bi-ncml 
circuit Icr a pentode nmpiiher is slion n m Fig. 3-o7 but details of 


r_ perforTn.mce will not be presented 

j until Clmp. 9. llciim tubes nm 
i iM^y I I f '* -I used ill a similar circuit hut with 
the suppressor grid omitted. The 
'Y' I j j resistor Ji allows the same source 

I ||i[_l-t|i[i| 1 I of direct current to be used for 

f’ui 3-57 Grneial arcail Tor » screen grid but 

pentode amplifier The circuit for with a Itiivcr voltage OH the latter. 
thesdVTrseOT®gndo^^ted“^ «>ur«-. is msiin.Uy a recLi- 

Ccr (see Chap. 7) rather than a 
battery as idiown, and the usfO of a ciiunnon source for both plate 
and screen is highly dcarabte The condenser C maiiitiiina tlie 


screen grid at the same alUiniating potential as the cathode, a 


necessary condition as pointed out ou imgc 71 . 

Compan^^n of Fig. 3-57 -wjthFig. 3-22 for a triodeisof interest. 
Resistance /fi in tlie latter figure corresponds to the block marked 
load m Fig 3-57, AllernativeJy this laid might be inductive or 
capacitive m in Fig 3-27, instead of resistive. 
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A useful viewpoint conconiing the perfomiance of nuiUigricf 
(.ubes as amplifiers may Ire gained bj' first noting (bat the altemiit- 
ing voltage across l.iic load isdc^'clopcd betn'ccn plate and cathode 
ill both triode and pentode (or beam tube) amplifieis und is there- 
fore equal to the plate voltage, llius a large alternaling pliilc 
voltage must be developed at high outputs, and tins volfage, added 
to (he direct voltage, will result in alow inslanUmcoiis plate voltage 
at limes fi, U, etc.. Fig. 3-5S. As will be more fully shown in Chap. 
9 tiiis low \'oltagG cannot be obtaiued in 
a triode amplifier witlioul. driving the grid 
positive, an undeaiiublc pi'occflurc because 
of the residting grid-cuvrent flow. Briefly, 
tbc grid must ho driven positive because ^ - 

the plate in a triode is called upon to serve ' hme — * * 
in the dual capacity of output electrode and I'V- a-5S. Pinto voltnRc 
,, f ,x t .f-i- • • curro for luoli Oiillillt. 

as the source of attraction fc^brjugmg 
electrons over from the c-athotlV^liroiigh the control grid. As 
just stated, effective us? 0 / tbe.plalc as an output clccliwlc re* 
quii'CBi that its pot^ftUdl'ibc low at a ccrlnin t-ime in each oyclo (it 
^ula^ipproRcli,njro'fdr)naxdinum output), wlioroas its potential 
sliould remain 'reasoimbly high at all times if it is to attract elec- 
trons adequately. Tliosc arc conllicllng requircinont.s, and a com- 
promise must, he effected whereby the plate voUnge never drops t.oo 
Ion* at any point in the cycle. This reduces the maximum output, 
of the amplifier but permits an adequate plalo-currciit flow wifli- 
cut driving the grid positive. 

In pentode and bciim tubes llie plate 8 on' 0 .s tis an oufpul, elec- 
trode only, white the screen grid attracts the electrons from the 
cathode. Tims the plale voltage may drop to \’ery low values 
without affecting the cun-ent flow tlirou^i the t\ibc, pemittiuK a 
much higher output voltage and xesulting in an uppi'cr.iably higher 
plate efficiency than with .a triode. (Details of ainplifier pciform- 
aiiee for both triode and pentode .are presented in Chap, 9, begin- 
ning on page 328.) 

4. MISCELLANEOUS HIGH-VACUUM TUBES' 

There are a large number of other types of tube.s, some of which 
differ only in the number or location of the electrodes, wherea.s 
others arc of an entirely different typo of constniction from tliosc 

' This part may be omillod by those not intcrcslod in comnuniicnlion 
work. 
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already described in this cliapter. A few of the more common 
are listed in the following fiections with a brief note as to their 
construction and geiifral characteristics 

Pentagrid Converters and Mixers. Peiitngrid converters are 
essentially tetrodes with two additional grids. The screen grid, 
how ever, consists of two grids tied (ogetLer, G» and Gi (Fig. 3-59), 
one on either side of the eoutrol grid <?«- This tube is used pri- 
marily in supcrhetcrtxlyne radio receivers (page 583) for combining 
the local oscillator tinrt incoming radio signals, grids 1 and 2 being 
used ill the. local oecillator circuit, and grid 4. iutroduoing the 
inoouung signal from the antenna Grid2 may nut Ixj a grid at. all 
but merely two tods to serve as the anmle of the oscillator section. 

The mixer tube of i^'is 8-00 is a variation of the pentagrid con- 
verter m which the jiroccsscs of oscillation and mixing are entire^' 



Fto 3-S9. A.ciaiieetii«itt o( Pic 3-6Q. Arrangeiaeat of 

•Uctrodes in a peotaerid electrodes in a pentagrid 

eoaverter nuxer tube. 


Bepamte (page 584). This tube is essentially a pentode in which 
the incoming signal Is applied to the control grid Gi but an addi- 
tional control grid G» is provided to supply the local osciilator 
signal generated by a scp.irate tube (instead of being generated 
in the same tube, as in the pentagrid cwivurtcr). The Bcrceii 
consists of the two grids Gt and <Zi, tied together in.sidf? the tube, 
the additional screen Gt being provided to shield Gt. from ffs. 
Grid 5 is the suppressor and is normally tied to the cathode through 
a connection external to the tube. 

Duplex Tubes. A number of duplex tubes on the market are 
really two separate tubes ina single oxvelt^, generally using diOer- 
enfc portions of a eingle cathode. An example is the iluo-diode- 
triode, a triodc tube with two sniaU anodes mounted below the 
triode eaetion. The diode sectiiHi is normally used as a detector 
of radio tigiiais; the triode section serves to amplify the a-f output 
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from the diodes. Often one anode of the diode section is used to 
supply automatic volume control, and the otlier demodulates the 
signal (see page 587). The same principle has been applied to a 
duo-diode-peiitode. 

Another tube built on this some principle contains a triodc sec- 
tion and a pentode section. BoUi operate indcj)endcntly, the tube 
performing the same functionB ns a separate triode and pentode. 
Still another incorporates two triodcs in n single en\'elopc. 

Space-charge-grid Tubes. A i^ace-chai^c-giid tribe is a tetrode 
in which the inner grid (closest to tlie cathode) i.s held at a slightly 
positive potential witlj respect to the cathode and the outer grid 
serves as the control element. W>en connected in this manner, 
the positive potential on tlic inner grid lias the effect of ncutjalizing 
the space charge immediately surrounding Uio catliodc. A large 
cloud of electrons then collect s near the outer grid, forming a virLuiil 
cathode which is much closer to the latter grid than any jjhysionl 
cathode that could be conslmctcd willioul danger of a short circuit 
between electrodes. The close proximity of the ^•irtllal cathode 
makes possible a mucii higher mutual conducUncc than in a con- 
ventional triode. Unforlunntcly the cliamctoristio nuri’cs arc leas 
straight than arc tliosc of a conventional triode, and the current 
drawn by the space-charge grid tends to be mthor excessi^•o. This 
type of tube is, therefore, used only for special iipplieations where 
its characteristics arc peculiarly appropriate. 

Acom Tubes.' Tlic operation of conventional tubes is vorj* 
unsatisfactory at frequencies of the orticr of 100 Me and ot-er. 
This is due in large parttothecapjicilancea between electrodes which 
provide a low impedance path in shunt with any external circuit 
and to the ta ansit time of the electron which becomes appi'cciable 
in comparison to the time of a cycle. 

An obvious solution to these problems Ls a reduction of tube 
dimensions. If all dimensions arc reduced in proportion, the l ube 
constants will be unchanged but. the internal capacitencc.s will he 
reduced and the transit <.imo sliortencd. Two such tubes, known 
as acom. tubes, arc sboom in Fig. 3-Cl, (a) being a triode and (6) 
apentode. They are IJ.g in. from tip to Up and in. in diameter 
at the electrode-supporting ring (not including the protruding 

‘ B. J. Thompson and G. M. Rose, Jr., Vacuum Tubes nf Small Dimoii- 
siona for Use at Extremely Iligb Frequencies, Proc. IRE, 21, p. 1707, Docetn- 
ber, 1933. 
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cliictrode wires) Tlie electrodes ore extremely Email and svip- 
vorted by the lead ivires, wliich are in turn supported in the glass 
nag with oomparatis-ely large placing lielaccn win^s. This coa- 
striiotifin keeps the mtcreleclrode capacHanee C'achiding that of 
the lead wires) to a min)innm. The gnd-plate capacitance of the 
triodejs 1 4 /tpf ctmipared to 3.2 for the more conventional 5G; 
the grid-cotliode and platc-cathodc capacitances ape 1.0 and O.C 
resfwictively, compareil to3.2aitd 2.2 for tliefiO. 

The eliiel obstacle lo tlic mom catensive use nf such small ttd^s 
IS their inability to tlissipatu lai^c amounts of energy' from such 
small elcctrodea. Tims thto' aw limited in their aiiplication to 
coxnpaiativoly low-power instalJitlons. 



A 
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Tin 3-i51a Pio. 3-Clb 


Fio $ fll Acorn ijiw lobes, ilesignod esfecinlh fur ftnriurncics of 100 to 
600 Me (o) IS a Inode unil tM u) a pentode The oier-all liCiglit of tlicsc 
lutes IS butliiu 


Lighthouse Xiihes. Another approacli to thn problem of i educ- 
ing the eifect of tfie tube capacitances is to build the electrodes so 
that tiiey iKcuuie extensions of hollow-tube transmisbion lines, 
which 111 turn provide tlie desired e.xternai oircml clomonts. A pic- 
ture of such a. tube is Aown in F^. 3-62 wheie tlie plate lemiinul 
IS the cap, the center ring is the grid tcrminnl, iind flm cathode 
lb connected to tLo Ijase. Concentric conducting (uIk’s are slipped 
over each of these terramais, and the trancmission lines formed by 
these tubes constitute the exl«?mal circuit (sec Fig. ll'SC). A 
brief (lesepiptiou of an oscillator circuit u-^ing a lighthouse tube is 
given on itage 477, the circuH being capable of cscilluting nt fre- 
quencies up to 1500 Me. 

Dltra-high-ftetjuency Tubes. Many new tubes have been de- 
velojied, especinlly during the Secoud IForld War, for use at fre- 
quencies from ipproximately 100 to 30,f»0 Me (and even higher) 
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Most of Uicse tubes utilize different, principles of operation than 
those desci ibed in this chaptta-, largely because al. these veiy high 
frequencie.? the transit time of the electron l.s no longei- oven ap- 
proximiitcly negligible us compared to the time of one oyele of the 
alteraating ^’oltagc. 'JVo outstanding examples are tlic volooity- 
modulatcd tiilxjs, snob as the klystron, and tlic various types of 
magnetrons. Since the ullru-high-frcqucuoy fiokl i.s so exfetiKi\'0 
us to constitute n complete study in itself, no attempt will lie made 
to describe sucli tutres in Uiia book. 



l''ia. 3-G2 I.it’litlivusc take for frequciirics up lo IGOO Mo. 

Problems 

3-1. Tlic plate I'.iirtonl- in a certain diode ia JO inn ;it a iilatc vnUngc of 
itlQ. (o) If tlic lube is assumed lo have iunnilc |ianLliel-]iliiiic circirodc.s, 
'vliiiLwill be llic plate ciirrmil .at 200 volla; (6) at. TOO volts? 

3-2. Assume that another diode with infinite iwrnllL'I-phine iilrctioilos i.s 
available with u.vaclly the Rnmc constants ns lliiil iii Prob. 3-1 o.wf-pt (hat 
the spaciiii; bolwcen cathode and plate is only Of) jx-r ciriil nF the spneing in 
the tube of I’rob. 3-1. Wliatis the pint c current at a iKitciiliai of 200 volts? 

3-3. The plate current in a certain triode is .30 nin whnii /it 250 volfa 
and —50 volte, Ifji<i8 3..5and hiuosuiiicd lolit! reasonably iiideiieudoiiL 
of electrode volliigcs, what, ptnlc cuircni would you expect at lu, - 300 and 

= —^0 volts? (ABSuihe that the plate current follows Child’s laiv.) 
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S-l. The following tuoilififid form of Eq. (3-2) ma>’ bo written (or «. 
trioJe with firute electrodes 

U “ fc(e^ + 

Plot a curve of <» va (e, + «»/*•) on loE-log graph paper and solve for k 
andn for the tube of Figs. 3-15 andS-l® Gitraa ehown to be 15.4, page 57.) 

3-8. nepeatPrub 3-llor the tube of Fig.3-2t. 6* was shown to be 3 6, 

page 53 ) 

3-6. Deteruuno r* for the tube to which the curves of Fig. 3-16 apply, 
fore,— —1 volt, bymeasurinKtbe slopeof the curve. Take jnessuremonts 
at several values of ej, and plot a curve of r, va. et 

3-7. Following the method of Prob 3-6 determine from Fig. 3-lS, for 
e, — 60 volts, and plota Riirvoof ft, VB t, 

3-S. A ecrtnin triodc tube is to be operated at E> " 100 volts, E, » —1 
volts, ft • 3 5 luj. Xbe tube ooellicieuts at these voltages sre n • 20, r, • 
13,330 ohms A rcsistauce load of lOO/fOO ohin« is used in the plate cir- 
ouit, aud 8U atieruating polentwl of • 0 1 volt is isipretsed on the grid, 
(o) Compute T„ E,, En (6) JDraw the vector diagram to scale 

3<9. A certain triode tube IS to operate at £a B 250 volts, • —8 volts, 
It m S ma The eoefneicnta at these voltages are it m r, ^ 10,000 ohms, 
ffm ■* S000;imho3 An iTDpednnce of 4000 -)-.7 100,000 ohms is Inserted in the 
plats circuit, and cn ultrmnting grid potential ot E, •• 1 vnit is impressed 
(o) Coniputs fy, A'p, A'». (5) Draw the vector diogroin to aealo. 

3*1Q, IbepeaL Pcob 3-0 uccuiiilugthat the frc.i^uenajr la reduued to 10 per 
cent of the freiiuency Iv whieli tbu constants of Proh.S-9 apply. 

3.11. Hepeat Prab 3-6, for the tetrode curve of Fig. 8-40, for Sti • —8 
volts 

S-12. Repeat Prob. 3-7 lor the tetrode curvu of Fig. 8-30 for e,t * 120 
volts. Pl0tft,VJ /!«, 

3-lS. llapeat Prob. 3-5 for the pentode curve of Fig. 3-48 for *« *• —10 
Volts 

3*14. Repeat I'coh 3-6 for a pentode tabs in which r„ 1.5 megohms. 
Cm - 1500 ..mhos, i'l " 100 von«,Ert *• 75 volts , £,1 - -IdS volts, f, = 20 
ma, f,« D 5 ma (CoiupureresnltR with those for the triode of Prob. 3-8. 
Note that both tubes have the aaiop ft,.) 



CHAPTER 4 


GAS-PILLED TUBES 

Tlie presence of gas in a vacuum lube markedly altci-s its cliar- 
^ acteristics. This was pointed out RiUier briefly on page ‘18 where 
it was stated Uiat gas tcnds^l) to increase the current, flowing 
with a given applied potentLal (or, conversely', permit a hjwer 
applied voltage to pi-oduce a given current), ' (2) to cause damage 
to the cathode by positive-ion l)ombardmeut, aud (3) to decrease 
the negative voltage fit whicli tlic tul)C will Iweak down and con- 
duct current in the op])ositc (or utidcaired) direction. Generally 
speaking, the fiist of these effects is Iiiglily desirable, «iicc it will 
decrease the amount_£f energy’ to_ be dissipated’ on i he plivic of the 
tube for a given Io_ad. Elimimition, or at IcnS’^rcductiohj of the 
undesirable features of the oBier two effects lins made po.’ssiljle tlio 
development of gns-f\llcd tubes wltich sliow marked superiority to 
high-vacuum tubes ia many fields, notably in rectificafrion and 
industrial control. 

Tw'O different typos of disciwrgcs arc to be found in gus-fillod 
tubes: ploic discharf^cs and art (fiscJinT/jcs, n\liiongVi tiic distincliim 
between them is not great.* Glow discharge.? occur more com- 
monly in tubes with cold catliodcs; hot-cathode tubes are usually 
characterized by arc discharges. 

Current Flow through Gases. If two cold electrodes arc in- 
serted in a vessel containing gas and a potciiUal is applied between 
them, it might be expected Uiat no current would flow since gases 
are normally considered to be good insulators. Actually, how- 

'For a more complete aiutiy^s thnn can be given witliin the iirnilcd 
scope of this text see L, R. KolJcr, “Tho Physics of Eloclroii Tubes,” 2(i 
ed,, McGraw-Hill Book Company, Inc., New York, lliS"; Ilurbert J. Roicli, 
“Theory and Applications of Elcciron Tubes,” McGrjnv-Hill Bonk Com- 
pany, Inc,, New York, lO'lI; William G. Dow, "FuiidiimonUlB of Eni’ineor- 
iiig Electronics,” Jolin Wiley & Sons, Inc., Now York, 1037; and Jolm D. 
Ryder, “Electronic Engineering Principles,” Prcntico-JIiill, Inc., New 
York, 1947. 
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ever there ara alvaya ft certain number of ions and free electrons 
pn'seufc m the 6^=* action of cosmic rays, ultraviolet radia- 

tion or other smircea dS excitation. Tiiesc ions aorl electrons will 
flow towanl the electrode ol apposite ixilarity when a potential dif- 
ference IS applied and produf.e a corrent Qow through the external 
circuit. Fig ^-1 At atioosphenc pressures end at rt-ivaonable 
voltage'^ this <'UTient isof the order of only a Eewiincroanipereaiitul 
may be neglected for moat cjiRinncring [lurposes; thus gases are 
usually treated ns insilators If the potential difference is suffi- 



h'lo 4-t Circuit (or ebtanua? cbatucVcntties of ccid-cathode, gaa>&ilcd 
tube 



l?elofiv« Currenf 

Fio 4-2 Voltage curreut cbameterintieof a typical cold-cathode, Kss-fillcd 

ciontly increased, thegnswiilbrcakdownand cause! a spark to jump 
between electrodes, followed by an arc if c.xternal circuit conditions 
pormit- 

Reduction of the gas pressure in the vessel will perniit lui en- 
tirely diflercnt sort of phenomena to take plar.c when the potential 
is iiicrp.a'^od. At low potentials the current will increase in much 
tlio same maiiiinr as in a tbeimionic, Kigh-vaeuum tube; ic., it 
will firdt rise uitli inrn*naing potential and will then level oil as 
salnnition is approaclicd. This is the region o to a, Fig. •4-2. 
(Nolo that tlic abscissa is current rather than potential, as in 
Fig. 3-3, for example.) 
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As the potential is increased beyond point a, sonic of the clecl vons 
present iu tlie gas reach velocities Mifficiently liigli to ionize ndfii- 
tional gas atoms by collision, resulting in what is Icnown as the 
Toionscnd discharge.. Miuiy of the newly liheratecl ions nnci elec- 
trons also flow to the electrodes, thus increasing llic eiirrent flow 
through the. tube. Collision of an electron with a gn.s ai.om some- 
times mei’clj’ raises one or more of the orbital electrons into an orint' 
of higher energy and so leaves the atom in an excited state (see a!.«o 
page 6), Usually tlie exce.ss onei-gj- contained in .such an atom 
is immediately radiated in the form of Msibic and ullrai'iolct liglit 
(altliQugli the Tomisend discluirge is usually invisilflc) atu! l.lic 
electron returns to its normal orl>it. In some eases the onergj- 
may be lost only by contact with a surface where it Jimy l>e trans- 
ferred to another olocli-on and so produce ndclitioiml emission or 
may merely raise the tcmperoUire of the walls or electrodes of (he 
tube. Such atoms are said to Ix! in a mctaslabk stale. 

Townsend disolmi^csdo not occur at almosphcric pressures since 
the mean free patli of the electron (page 49) is then t oo short for 
the electron to attain suilicicnt velocity to ionize the gas. It is 
for this reason that reduced gas pressures must be used to jirndnee* 
the phonomeiia being tlcscribctl. Too great a leduct-ion in gas 
pressure, on the other hand, will inereaso the length of Iho moan 
free path until verj’ few electrons can collide with a gas atom in 
passing over to an electrode and the characteristic will bo l.hiit of a 
high-vacuum tube, follcm’ing a curve such as mm, Fig, 4-2. 

The Townsend dischaigie is nonsolf-sustniuing. If the ionizing 
source could lx; removed, the current flow would ceiiso entirely, 
ivhereas if the ionization of the gas is Increased, as 1)3'- e.xposiiig (he 
tube to ultraidolet light, the saturation cun-ent becomes greater, 
as shown by the dasbcfl curve j. The cur\'CH oj and onwi corre- 
spond to the curves 2 and 3 in Fig. 3-3 (^ceptfor tiie. iiiterehango. of 
ab.scissa and ordinate). !br Fig. 3-3 the saturation cui'reni. is de- 
termined by the number of electrons libcmtcd from a hot cafhotio, 
whereas in Fig. 4-2 saturation is determined by' (,he number of elec- 
trons liberated by ioniz.ation due to cosmic ray's or otlier sources. 

Further increase in potcntuil beyond point h may result in i\ 
sudden jump in current from b to e. Usually the cxterniil circuit 
contain.s resistance, Fig. 4-1, which prevents appreciable rise in 
current and, if an attempt is made to increasn the jmfenf.ial beyond 
h by reducing this resistance, a slight rise in current will result and 
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the poiciitial t\ill fall from b lo c. If the resistance h further rc- 
diicc<l, the current will ooiitiniie to rise, but no further increase in 
poicntui aeros-s the uiIks is rcfiuwwl. even for vco' large inerr-ases 
in current (Xotc that tlio iurreiit io Fig. 4-2 is plottc<l to ft 
loganiliinie scale ) Thrs constant potential phenomenon is made 
use of JQ voltage regulator tubes (pjige 225). 

Tlie potential at b isRufTu-iently high to cause cumulative ionira- 
tion, « e., the elcclrons produced near the cathode liberate other 
electrons, iis they travel towanl the positive electrode, in such 
ruiTTihcrs tliat the process becomes cumulative and the discharge is 
«elf-siistaininR and docs not require nn external ionizing source ns 
in the Towii'ond disclmrgo The exact process by which these new 
ptoducts of looitidion produce additional electrons nt or near the 
catUcKle IS not fully imdeistood but may include positive-ion bora- 
lianinient, rckavs of ouergj* from (Dctnstable atoms at tlte cathode, 
and otlier means t( tl«e potential is maiatained constant ns tlio 
current excewU b, thi-< procei« continues out to the point e> but if 
the current w limited as m Fig. 4-1, the potentia! will drop until 
i'<iuiliiirnim exi.ils in the. tube as described m mi'TO detail in a inter 
pAtagraph. 

Till' potential nt it is kJioivnnsthelreoWoirnpolcnJtal otthetubc. 
It H tonsidorably liiglier Ilian the ionizing potential of the gas 
wlioro ilie toiiuln/f potfulial may be defined as “the potential difTer- 
cnco through which an electron must fall to attain suittcient energy 
tn ionize iin atom upon colliaon.” The ionizing jiolential of most 
gases K of thconlr-rnf 30to2.5 volts, wlicroas the breakdown poten- 
tial may bo several liuinlrwl veils. 

The rogioti a/'-/ is characterized bj' a visible glow in the tube 
and on portioius of the c.atbode. As the current is increased, tlic 
anxi of the cal Undo covered by llna glow increases up to point li, 
the dwh.argc being known as the Ttormal qIoic. Beyond point d 
the CfUluxIr area ui fully covered ami the tube drop must inerea^e 
to maintain the disduirge, producing wluit i.a known a.s thn abnormol 
flow Throughout the region erfr/ mnny cxoifeil and mctastablc 
atoms arc pnxliieeii and, as llie di-^laerd electron.? drop back into 
their normal orbits, their excess energy may be rclea.«eel in the farm 
of vi-ible find ultraviolet liglit. Additional light is proiluccd by 
the rccomLnuition of electrons and poiitive Iona, iisunUy at the 
wall? am! electrodes. 

T he amount of energj* given up by nn eketton in dropping back 
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from one orbit to another is always the same for any given giis aiKl 
is equal to one photon. This was slio\\’n (page 19) to be equal to 
hv where v is the frcqneno' of the radialecl w^^■e. Thus each gas 
gives out a characteristic color. 

At point / the character of Uie discliavge again, changes, in a 
manner not fullj’ understood. The current densit}’ at t.lic cathode 
increases suddenly, and the current tends to concentrate at one 
or more spots. Under tliese conditions nn intense cloud of posi- 


tive ions is formed aroimd the 
cathode, and the electrons am 
able to flow from calliode to 
anode with an impi'es.sctl pol«i- 
tlal which is only slightly higher 
(or oven slightly lower) than 
the ionizing potential of tlic gas. 
The dlsoharge in this I'cgion is 
known as an arc disdiargc and 
is chameterized by verj'intetisc 
light, low tube drop, and high 
current density at the cathode 
surface. This is the type of dis- 
cliavge to he found in mcrcury- 
nvo reotifiera and, in a modified 
form, in hot-catliode, gas-fillcd 
tubes. It will be more fully 
described in later sections of this 
chapter. 

Glow Discharges. 'The glow 
discharge found in the region 
edef. Fig. 4-2, is of i^ccial in- 
terest in oold-cathofle tubes 
which wiil bo dc.scribed in a 



Disfonee 

(o) 



(b) 


Fig. 44?. rotcatial tiintrii)Utinn and 
clicractcrietic rtgioiiis t>[ n glow dis- 
cluirge. 


later section of this chapter. 

tVliile the discharge varies slightly in appearance as the current is 
inoieased from c to/, the general nature of the discliai'gc remains 
the same. However the dischaige is not uniform throughout the 
length of the tube but is divided into distinct regions, as shown in 
Fig. 4-3 for a pressure of the older of 1 mm of mei-curj’, wlicre 
(n) shows t)>e potential disl.ribulion along the path of the dis- 
charge and (b) shmvs the l^ht pattern drawn to tlic same dis- 
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taiiue scale. In Fif; 4-:{fc tLe positire column is seen to consti- 
tute the major portion of the nomuil discharge. This region is 
iilso knoivn as the plasma anil is characterized by a very low- 
gradient and by the emisaon of the characteristic light of the gas 
usetl in tho tube. It contains a large uumher of free electrons and 
positive ions m nearly otjiinl ilaaaities. It is therefore very simi- 
lar in characteristics to a good metallic conductor. 

Next to the positive column is a reguin of low light intensity 
known as the Farrulay ilur)i space. This is followed by the nega- 
tii'c alow Tfrjion, the cathode dark space (or Crookes dark space), 
the cathode glow, and the Asian dark epace. 

It ts through tho iMtIiodo dark ^lace that the major part of the 
drop in the tube occurs This drop depends largely cm the kind 
of gas used and to a lesser extent on Uic iriHtorinl used for tlie 
eaiiliorie. In glow dibohurgos it ranges from about 75 to 400 volts. 

The region of high gradient at the cathode is commonly known 
as a ponttve'ion shcaih In this icgion boUi positive ions and 
negative oleutrons are rapidly accelerated, tho former toivard tlie 
cathode and the latter toward the plasma. The electrons, being 
of sinallor mass, arc removed from (he sheath inure rapidly tliaii 
ate the ions; thus the term “poeitive-ioa sheath” indicates the 
relative absence of electrons and not an increase in positive«ioD 
density. 

At the anode another region of higher gradient exista known as 
the nvede fall space. The potential drop through this re&on is 
sGldoin more tlian n few volts and may be negative (as indicated by 
the dotted line). 

TliH relative sizes of the various regions sliown in Fig. 4-3 vary 
with pressure In general a reduction in pressure is roughly 
equivalent to moving the anode closair to the ctilliode so that (lie 
positive column becomes shorter and eventually may disappear 
at low pressuro. Tf the pressure is increased, the cathode dark 


space will disappear, the negative glow und cathode glow combin- 
ing As tho pewi-sure is further increased toward atmo&phsrvc, 
tbn ilischarge wiU oventnally talco the form of a senes of sparks. 

Arc Discharges. The arc disch.ni|^ diflera from the glow dis- 
chii^e largely io the magnitude of the drop through the, iiathodc 
dark sparo, which is selilom much in e.xces3 of the ionization po- 
tential of the gas, a e., it Seldom exceeds 35 volts and may be as 
ky.v US 1' volts. A coininon method of Becuring l.his type of dis- 
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charge is to lieat tlie cathode until it emits electrons thcrmioiiicalb’ 
in such numbers as to produce copious ionization (by collision) 
iu the region immediately surrounding tlic cathode. Tlie positive 
ions produced by this intense ioniaatiou set up a jiosiLivc space 
charge ivliich in turn permits tlie emitted electrons lo pass freely 
au’ay from the catliodo and so constitute the arc current. Owing 
to the iiigh ion densitj' a poath'e-ion sheath may be foimcd arouncl 
the anode as well Jis around the cathode, and arc discharges arc 
commonly characterized by a negative gradient in the anotlc! fall 
space. 

Arc Back. As pointed mit in the (^jeiiiiig paragraph of this 
chapter there are two distinct limilatioiis to the use of gas in 
\’acuuni tubes, of ^vlucl^ one is the 

inci'cased probability that a hot- V j j | I V I 

cathodo lube will conduct in the ~t 

reverse direction (or arc bnck) „mo« — \ 

when a high negative (or inverse) laws — 

potential is applied to the anode, ^npoa V 

However, it has been found tiiat j j 

tlie negative I'ollagc that a gas- i S. _ 

filled lube is capable of withstand- ~s.. "" 

ing is an ini'orso function of the as — — — 

gas pressure.* This is clearly toai omoi u qs 5 — Hi i 

shown by Ihc eUl-Ve of Pig. 4-4 Vap»r rreuurt in km, 

where the inverse voltage iiscs Ctirvc of inverse peak 

from only 1500 SpifoS.';™':""”'' 

of K) mm to over 30,000 volts at 

0,03 mm pressure. In most practical cases (he only limits to tlie 
•\'o!t:ige tJiat may be applied by decreasing the jncssuru uro im- 
posed by the problems of insulation, as in the liigli-vacuum fiibc 
(which, of course, represents the practical limit of decreased 
pressure). 

Cathode Disintegration by Positive-ion Bombardment. Ttic 
other limitation to tlie u.se of gas-bilcd tulxss was given .as destruc- 
tion of the cathode by positivc-ion bombaiTimont. Positive ions 
formed by electron collisions uuth the gas atoms have a very much 
iarger mass than tlic electron and, when attracted to the cathodo, 
may str ike witli sufficient violence to cause serious damage to, or 
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actual deBtniction of, tile emitting Biirface, especially if higli- 
cfficiency composite surfaces are used. As tlic voltage to be recti- 
find is increased, this problem rf cathode disintegration by positive- 
ion bombartinienl becomes increasingly serious. 

Cold cathodes and pure InnBStMi hot cathodes are not affected 
by this bombardment, but the hieh-cfficicney, ovidc-coated 
cathodes axe quickly destroyed unless properly protected. The use 
of oxidc-cualed cathodes was therefore unpractical in gas-filled 
tubes until Dr. A. W. Hull iliscuvered, in 1023, that cathode dia- 
mtegratiou could be almost entirely eliminnted by keeping the tube 
drop below a certain eritictil value.' This value vras found to 
vary from about 20 to 23 volts for most of the inert gases, which is 
the potential at whicli double* louizalton occurs. As long as the 
gas IS singly ionized (only one electron removed from the atom), 
the positive lori.s do not elnko with sufTiCicnt force to injure the 
cathode surface seriously At the critical potential referred to, 
two elnctnin.s urc removed front the atom which ia then attracted 
to the cathode with twice the force owing to its double charge. 
The inorrasecl velocity of impact of llie positive ions, ae the point of 
double ioniz.ation is passed, is sufficient to disintegrate an oxide- 
coated cathode surface rapidly Thus tutlicr tho drop must be 
kept belosv about 22 s'olts, or the less efficient tungsten cathodes 
must be used 

1. DIODES 

Hot-cathode, Mercury-vapox Tubes. The studies of arc-back 
and cathode disintegration relerretl to in the opening tictstioLS 
of Ihi-s chapter led to the development of a satisfactory gas-filled 
tube containing liquid mercury and niercwrj' vapor in equilibrium 
at a pressure of 1 to 30 microns. This tube uses a hot cathode 
tn produce emission and is thereftirc known as a hot-cfdhode, tnirr- 
eury-vapoT tube, which will be frequently abbreviated in this book 
tii simply mercury-i’apor lube. Cuircnt How through this tube i.s 
in the ii?.tute tiC aw arc. dischaige "Kbith gives off the t:hiiraclt.TisA.iiC 
blue glow of mercury. 

The inverse voltages that the tube will withstand are reason- 
ably high aiifl yet the internal droji is but 15 volts. Oxide-coatrd 

' Hull and tV . F. Winter, TtaVolt-arapsre Characteristics of Elec- 
tron Tubes with Thnriated Tungsten Filaments Containine Low-pressure 
Inert Gas, Phys Jleo , 21, p. 211 . 1923 (abstraetj. 



Chap. 4] 


MECHAmSM OF CURRENT FLOW 


101 


cathodes and heat shielding (see page 104) may be used satis- 
factorily with consequent increase in emission efFicicncy. As 
previously stated, high-voltage, high-vacuum tubes are built 
almost entirely witli tungsten iiiaments because oxide-ooalod or 
tUoriated cathodes arc too likely to be spoilt by i)ositi\'C-ion bom- 
bardment from the small amount of gas tlrat may be present. 
In the mercury-vapor tube the drop is kept bclo\v 22 volts (fl»e 
potential at which cathode disintegration occurs due to double 
ionization of the mercury ions) so that Uie more efficient o.vidc- 
coated emitting surface may be used. 

The anode of the mercury- vapor tul)e usually cousisi s of a small 
target; the cathode may be a heavy coiled or ?.igziig ribbon or a 
heat-shielded cylinder (sec 104), althmie^) tiic voiy small sizes 
more nearly resemble the high-vacuum tubes of equivalent rating. 
All but the larger sizes arc built in glass containers, the larger 
ones using the metal anode as the envelope. Tlio lube drop is so 
low that water cooling is not normally necessary as in the case of 
the larger sized higli-vacuum tubes. 

Mechanism of Current Flow. Application of a positive po- 
tential to the plate of a mercury-vapor tul>e will cause a flow of 
electrons from cathode to anode just ns io the itigli-vacuum tul)c, 
These electrons cannot travel unimpeded us iu the ]i{gh'\’acuum 
tube, hmvever, but will collide with the gas atoms that occupy the 
space between oleotrodcs. If Die potential across the tube exceeds 
the ionizing potential of the gas, some of tlicso collisions will bo 
sufficiently violent to produce ionismtion, and a discharge will 
take place iu the tube. 

The space charge between the cathode and the anode of a gas- 
filled tube, unlike that of a high-vacuum tube, is produced by both 
negative electrons and poalivc ions. Furtliermore, Iho ])OKith’e 
ions, being many times heavier tluin the electrons, travel at, a much 
lower velocity. Tliercforo, althou^i they are too few in numl)cr to 
add appreciably to tlic actual flow of currenf., there are apjrroxi- 
inatcly as many of them in the space within the tubcut anj' iii.st.aiil 
as there are of electron.s, and the resulting space charge is prac- 
tically zero except near the electrodes and walls. 


The potential distribution curve, shown in Fig. 4-o, is very 
similar to tlmt of the glow discharge. Pig. 4-3. Most of the drop 
occurs near the cathode, in the region o, witli u small drop at the 
anode. The gradient throughout the plasma is very ssnaii owing 
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tt) the nearly equal concentration cS electrons and ions The 
potential ti/ the pListna la only 10 to 15 volts higher than that of 
tlic cathode, in contrast to tlie discharRC -where it may be as 
high as several hundred volts 

Since tlic gradient in*aT the cathode » positive, as sho'.vn in 
Fig- 4-5, it might be expected that nil electrons emitted from the 
rathode would iie drawn towartl the plate, thus making ttie plate 



0i»tAnc« 

Fro 4-5 Potemiiil liiatributivn curve of mercury-vapor djocle. 

current equal to the emission inirrcnt of the cathode. Actually 
the current flowing in the circuit of Fig d-O is nearly equal to the 
(ipiilied iintcnliul dividiHl liy UicIoikI nisistniitK!, sincio the tube drop 
19 very small, and any change in load resistance immediately alters 
the cuTieiit <le,mnnd«l by the inrciut. Tliis is accompanied by 
imal! changes In gradients within the tube such that the flow of 



Pig 4 6 Illiistrntine thp are of s metcury-vapor tube as n rectifier 

electrons l« the anode is maintained just Pipml tn the demand. 
Beco isa of th’c cl^aroi'Acrr^vc, tubca shtraid never be 

op3rated without sutticient re^tancu in scries to limit the current 
to a safe value. 

The a.iode drop in Fig. 4-5 is oe^tivn, producing a positivc-ion 
slip.ath which 19 charautcri£4ic of mercury-vapor Lubas. The drop 
through thLs slir.ith is sufficient to proTCot raost of the electrons 
frriin leaving the plasiiiii and thus maintains the balance iK-tween 
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ions and electrons which is characteristic of the ])lasina. "I'lie 
potential will deuieasc somewhat as the loarl current is increased 
to permit a larger number of electrons to be dRtwn ofT and will even 
become positive at high current.s. 

Noimally, changes in lo.ad liave but very little elTecI, on the plate 
voltage {i.e., tube drop). Evidently it is primiirih' the plasma 
potential (region h of lig. 4-5) that chmigas a small amount to 
produce the variations in anode drop made nece.=a!m' bj'- changes 
in load. The plasma potential, therefore, agsiime.s a point of 
equilibrium that just buhuiccs the inflow of electrons from the 
cathode, the formation and recombination of ions within the tube, 
and the outflow of electrons to the anode. 

Maximum Permissible Current Flow- Decreasing the rc.'isl- 
ancQ in series with either a high-vacuum or a gos-fillccl tube will 
result in an increase in current, up (o the irnint of cal.ho<le sal.uni- 
tion. In the high-vjujuiim tulre (his will be accompiiniotl Ijy nil 
increasing plate voltage (or tube drop), according to Cliild’K law 
(page 44), whereas in llic gas-fillwl tube the tube drop ^vil1dooI'C[lBo 
slightly. Any attempt to iiicreusc (lie current beyond the saluiti- 
tion point by still further lowering the exicmal resislaneo will, 
in the case of a Jii^i-vaeuum tube, l>c unsuccessful; the tube di'op 
will continue to increase, but the current, cannot exceed the omis- 
sion of the cathode. If the same attempt is made with a gas-filled 
tube, on tlie other hand, it. will be found that llie current will 
crniinxic to increase, wJueh must indicate increased ionization, since 
the cathode emission is fixed by its tcmpcniture. Nonnally the 
number of electrons Uial ionization contributes to the total flow is 
very small compared with the contribution of the cathode ; but if 
the load demand tends to exceed tlie cathode emission, the anode 
voltage will Hse sharply wUil the increased iomzatiou supplies the 
demand. At these higher voltages many a<.oins will be doubly 
ionized, resulting in destructive boinbaidmciil of the cathode. 
Thus no altempl should be made lo increase Uic plate cyrrcnl above 
the normal emis.sion of the calhadc. 

An excellent test for dctcrminhig the condition of the cathode is 
based on the foregoing facts. The tube is placed in n tost aockei, 
and a direct current of 1 to 2 times normal is passed through it. 
Tlic lube drop is measured; and if in.cscccss of about 22 volt.? (tlie 
potential at which doable ionization of mcreuiy vapor occurs), 
the tube has nearly reached the aid of its useful life. Where con- 
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finiiit.y of Ben-ice is an important factor, e.^., as in radio broad 
casting, this is a valuable feature. 

Heat -shielded Cathode. The emissioQ efficiency (ratio of emis- 
sion current to heating pwver) of the hot-cathodu, MieTcury.vapoi 
tubes may im greatly incresiscd by heat Kliielding the cathode 
I>r. A. tv. Hull' found that, if the electron-cns-ittinB surface of ai 
indirectly licat.t’.d cathode was ctated on the inticr surface (Fig 
1-7) iQ'.^ ard the heat, inslcml of on tlie oiitsiiie, the emisaioti cfR 



Fit: -l-S Additional beat ebisldingniaybo 
obtained bv placing shiny metal cyliaoeis 
around the cathode The emittinfC surfaco 
ot this rathode has beeu still further m- 
cr«.iaed by loaortiag; radtal £as, coated a ith 
oxide 

ciency was increased alroiii K-. 1. Ho itlao found that placing two 
shiny nickel rings around the cathode, as in Fig. 4-8, still further 
tlecteaaed tlic heat loos so that the loss was only one-sixth as much 
as with the ordinary outdde-coatod catluidu. 

A number o£ radial vanes are also slvcnm in this figure. These 
vanes arc co.ated with uiuilting material ttJ provide im increased 
emitting surface. The Ijeat loss is not affected by the presence of 
these vnnes, so lliat a mudi greater emission is obtained with no 
increase lu heating power. Hull states that the emission efficiency 
of such a cathode may be as much as twenty-five times as great 
as that of the ordinary oiitside-coatcd cylinder, aiicli as that of 
Mg. Ileat shielding may be, and often is, applied to filamen- 

* See Hull, loe di. 


Fic -1-7. Keat-shiftlded 
catliodo ahowinK tn. 
errmed etiui.ting surtuce 
available. 
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tary-t3Te cathodes as well as to the indirectlj' heated type. Tlie 
usual construction is to enclose the filament in a ci'linder as in 
Fig, 4-9. 

Heat shielding lends to increase lire life of a cathode as well as 
its efficiency. Coaled cJiUmdes finally lose their usefulness ns a 
result of the ovapomtion of the emit- 
ting surface, \\ffien shielding is used, 
an evaporating atom has much less 
chance of escaping far from Urn emit- 
ting surface and, since it is neutral and 
will not be attracted by the plate, it is 
far more likely to fall back into the 
surface than to bo permanently ovopo- 
rated. 

It is impossible to use hcat-shiclderl 
cathodes in high-vacuum tubes, ns l.lic 
oleotrons cannot escape rca<lily fi-oin 
inside the shield and so will build up a 
verj’ large spnoo charge which the 
plate is unable to ovoi-como. In 
mercury-vapor lubes the positive ioiw 
that are formed lend completely to 
neutralize the apace charge through- 
out the tube, and the plate is therefore 
able to draw tlic electrons out from 
inside the shield, 

Temperature Limits. It is impor- 
tant that the operating temperature of 
mercury-vapor tubes be kept witliin 
certain prescribed limit;;, too low a 
temperature being as injurious to them as Is one too high. I'lioi’ 
are built with an excess of liquid mercury iu the bull) l,o mainl.ain 
a saturated condition of the vapor, and the t,cinpci’a(,iire of this 
condensed mercury clelormincs Uic pressure in the lube. If this 
pressure Ijccomos too low, tlie negative space charge is not sufn-> 
ciently well neutralized, and the tube drop hncomos excessive,, 
whereas an increase in vapor pressure will decrenso the inverse 
voltage that a tube will witlistand. Figure 'l-IO shows curves 
taken on a typical mercuiy-vapor tube. The lower curve shows 
the relation between tube drop and condensed-mercury tempera- 



Fto. 4-D. Mnrcury-viuior 
diode rated at l.Oitiiiji, peak 
plate current .■mri linOllt) 
volts inverse peak, ((Ven- 
cml Elertric Co.) 
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tiire, and the upinT curve gives th« flashhack, or peak inverse 
voltage. A IS® diffcrcnoi in temiierature is expected betwei'n 
the temperature of the condensed mercury and ambient. The 
tube-drop nni-ve is practically tlin rsime for all hot-cathode, mer- 
eiiry-vapor tubes, bemg virtuaUy independent of the ansourt of 
current flowing, as lung as the current denmiid is largo enough to 
cause Him sail on but iiot so large a« to exceed the cathode emission. 
It may also be seen that the miniimim temperature at which the 
cendengoti mercury may be operated, without causing cathode 
disintegration, is about 20"C, wheieas the maximum temperature 
depends entirely on the inverse 
voUiige of tile circuit in which 
tlie tube is to be operated. 
I — [ — I — I — j — j" J J J Tubes arc gcncnilly ilesigrcd lot 

a maxiXQum normal operating 
temperature of 75®C. The tom* 
jHirature «f l.lu’. tube, tuny usually 
bo kept w ithin this upper limit 
by al)o%Ying free circulation of 
air around the Viasc ui the tube; 
or it this U not possible, a blower 
may be provkletl 
Mercury*arc Tubes. Construe* 
tionCetails. The mercury arc i» 
1)110 lit tlic iildcat of the modern 
gag-filled tubes, having been 
ii.ied for battery charging as 
many as 30 years ago. In more recent y«irs tnaoh ilcvrlopinent 
ivoil< has ficcn done, amf mercury-arc rectifiers have been con- 
.‘•truc'ted in sizes HiifScieiitly large to supply direct current to 
itnictcarb and similar loads, capacities of several thousand kilo- 
watts being quite common. A complete treatise on the mercury- 
arc rectifier is entirely beyond the sciipc «f this book, but a firief 
discussion of the principles under which it operates ivill be given * 
The mcrcury-arri tube consists fundamentally of a catfiode pool 
of mBreury and one or more anodes, all eimloscrj in some sm-t of 
airtight, evacuated eiiauiber. The smaller models are enclosed in a 
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4.ir) Tiib^-ilrcD and are 
voltageB ol a hot-c4ib<x3e, 
iry-vftpor tatw as w function 
; mercury temperotorc 


' For a more complete Uiacussion arc T). C. Prince and P. B. Vogilfs, 
“Alercury-orc Rpctifierg and Then Cireuita," MeGraw-Hill TlnoV Company, 
fnc.. Kew York, J027, 
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glass bulb (Fig. 4-li); Ujg larger units am bitili. in iron tallies (Fig. 
4-12)4 In Fig. -J-ll the mercury-pool cathode, is looatoc! in fbe 
lower portion of tlio b\ilb, and the two anodes (fiill'Wa\-<i, single- 
phase rectifier) are locaterl in the long arms projocling t o either .side 
of the bulb. The largcglassdome is the condeii.sing chamber wberc 
the mcicury vapor Is condensed and allowed to drain bade into tlui 
pool. The t.wo small electrodes hnmcdiafdy above the pool are 
“keep-alive” anodes used to maintain (he arc. The small tube of 
mercury extOKliiig down to the rigliLsidc of tite pool is the starting 
electrode by means of which the arc is struvJc. 

The need for keep-alive eloctiwlcs is more fully cot'emd in Chap. 
7 (page 212). BiioHy, however, the mcrouiy-arc lube is ivridy 
for Boi'vice only so long as the arc on the surface of the jncrciuy 
pool is maintained, as it is this arc which causes emission of elce- 
trons from the cathode. If the load on the tube dropped (o Koro 
even for a fraction of a second, the arc would lx; extiiigiiiKliod imd 
the tube would bo out of service.’ Thus a small arc is Jiuiiiitiunuc! 
Ixstwfifln the koep-ulivc ano<les and the caliiodo pool at. nil Ihnos (o 
insure continuous opemtion of the tnixs. The power conbumed 
by this are is of the order of a few hundred watts at most, even in 
the largest tubes; thus it docs not malcrially lower the offieloney of 
reasonably large rectifiers. 

The molnl-tarik tnire normtilly contains six or more anodes and 
is operated from a three-phsisc sujrply. The anode.? arc protectod 
from arc back by shields and IwilTIo plates, which bo(.h ]>re\’'enl. 
splashing of the mercurj’ on to the anode (anti .so i)prhnpK foiTaing 
a catliode .spot) and increast^ the lcng(.h of the arc path. 'Walcr 
cooling, to keep the morctuy-vapor jiressure within the proper 
operating limits, is provklcd l> 3 ' a w.ater jacket or by cooling coils 
located in the condensing chamber or both. 

The constnietion of a tube having -several anodes and a single 
cathode in one container is peculiar to the meixairv-aro rutdificr. 
Such a con.sti-uct!oii wixild be imposdblo in a liigh-vaiauun (ubo, 
since those anodes which were ncgsitive at anj’ given inst.ant. woukl 
.set up such a high negative qjaec charge as to render (he po.sitive 

' Tho gUiES lubiia iira obsolete today. Even the iroii-tiiiik type is buiiis 
Inr^oly Bupersedod by the ignilron (p. 112), 

’ It IS necessary only tiuit current /low througli tlie lube coaso /or a loiiKlIi 
of l ime sufficient to pcrmitdiuonizationof the ana. Tills is usii ally not more 
tiiau u few hundred microgecouds. 
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ancxJns [jowerlesa to draw electrons In llie mercury-arc rectifier, 
on the other hanil, tliu negative ^flce charge is ncutmiized by the 
presence of positive ions. 

As a matter of fact only in tlic merciirj'-nrc tube is it at all 
desirable to use a single eathodo witii wveral anodes in a single 
envelope Generally, unit constTuclion ts pTcferred because of the 
decreaved probability of aic back atul tlie greater case of making 
rcplaecuirnts, thus wkeie iiHlividuat liigii-vacuum, merciir>’-vapor 
or igmtron tubes arc u*>ed one lube mny l>o mplaced at any time 
without iiffectirig the others In the mercury tire, iiowcvcr, the 
neceasity for mamtaming « kcrp-nlive circuit* with its eutisctiucrt 
loss, makes tlie uso of a imgle cathode highly dcHrable. 

Mechanism of Current Flow. 'ITu! roerciir>'-are ttibo is put into 
service by applying voltage to the Keep-alive anodes and momen- 
tiinly closing u circuit through the mercury pool, Uicn brcnKlng 
n to start tho arc In the glass tulxi of Fig. 4-11 llic arc » stnicV 
by tipping the bulb vmtd the mercuiy from tt\« main pool Rous 
over into tho starting pool (wtcii proiccUug down from the lower 
right Bide of the bulb), permiilmg current to flow through an ey- 
temal circuit Tho tube is then returned to its normal position, 
and die are is hirmod ns the pools sepamte. In tiic iron-tank tube 
various methods of sinking Iho arc arc in use. One such is (o 
energize a eoletiriid on the top of the tnnk. inserting ft starting elec- 
trode Into the cathode pool DeeiiorgiBing tho sotennid allinvs a 
spring to withdraw the electrode, and the arc Is struck. 

A cathode spot is formed on the surface uf tlai mercury pnol a'^ 
the are is struck, ami this spot is the source of electron emission. 
Mercury iitoms are also evaporated and euustitutc a vapor cr gas 
in the bulb. Tim electrons are attracted to ft positive anode as 
soon UB tlicy are emitted, and in their p.a.s.'vige Ihrougb the tube 
they collide with and ionize some of these gas atoms.' The posit be 
ions ea formed are attracted to the calhode und neutralize the 
space charge as in a merenry-vapor tube 

The temperature of the cathcidc spot is apparently loo low to 
produce thermioiiiR Rmi«wion and, although some secondary eniU- 
sion IS undoubtedly produced by jwtalivc-ion Vnrmhanltnent, rmisl 
^ ' li there i? no loud on the tube, theire nill lie no positive snode except 
' circuit.. One or Uw other krep-nlive nTinde is positive at 
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of the current appears to bo due to !ii^i-field emission'. The posi- 
tive ions are ati.raclcd to the cathode in suds iiumboi-s that they 
set up a \'ery liigli positive gradient, of the order of millions of 
volts, so that tile elecf.rons may be extracted frem tiic liquid mer- 
cmy by electrostatic force.s. Since tire total tlrop through tlio 



Fin. 4-11. Obsolete type of gUsa-buIb, iiiomiry-iirc roclilicr tiiim, 00 
emp d-o. 

tube is only about 25 to 40 volts, tliis layer of positive ions must he 
in the nature of a vciy thin film ou tlie siufiice of the nicrcury. 

Arc Back. The arc-l>ack voltage, as in the case of tlic mcrcury- 
v.apor tube, is a function of vapor pressure A\'hich must tlicrcforo 

‘ Dr. Irving Langmuir, Poaitive-iou Currents in tiio Positive Column of 
the Mcreuiy Arc, Cjcii. Elec. Rev., 27, 1923. 
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tx? kept within certain limits. To do so rcfiuires ailrqiiate cooling, 
since the pnis-iuro is detCTminwl hy tlic tciuiperaturo of the coolest 
part Ilf the bulb, in this case the condensing chamber. Glass- 
enclosed rcctiiicrs aiv cooled by permitting free circulation of air 
around tins chamhet or by fttltling hiTitnl veiililation-, iron-tfwik 
rectifiers are cooled by circiilnUng iialei thiough suitably pl.aced 
cooling toils Obviously, the amount of cooling required increases 
with the load loivrenl An increase in cui rent causes lui increase in 
the intensity of the cathode .spot nnd, tlierefore, an increaBe m 
pressure , anti unless wilHiuent cooling is provided, the pressure may 
hofia ris« to the point Avher© arc bach will occur, The maximum 
current that a mercuiy-arc tube n ill snfcb'ptuw is determioRd srldy 
by tho amount of iicnt that ni.ay be ilissipaterl, the number of dec* 
trims emitted uicreasing automatically with the demand by virtue 
of increased cathode-Bpot activity In this it differs from the mcr- 
ctiiy-vapor tube wherein the current cannot lie {Hinuitted to exceed 
the total emwion of a fixed-tempcrature cathode, no matter how 
much cooling is provided 

As nlrenciy cxplaincti, the arc m the mercury. arc tube must he 
maintained coiituiuoitsly while the Cube is in service. Thus posi* 
tivc lona arc present at all times; nnd when an anode is at a nega* 
tivr potential, it tends to attract these lona and thus pass current 
in the reverse direction. In coinniv.toial t.liia ponsibility is 

mmimued by locating tli© anodes a comparotivoly long distance 
frniii tin? cathode and by placing shields and baffle plates between 
tho cathode and each auiida The urns, being heavier, movii much 
more slowly than the electrons ami therefore do not have time to 
reach the anodes in any crmsiderabic quantity during the negative 
half cycles, hut t.ho lighur eleotwms reach them ca‘u!y and in large, 
mimliers during the positive half cycles. 

The ilrop in a mercury-arc tube tends to be higher than in a 
mcrcuiy-vapor tube. This is due in part to the greater spacing 
linLwccn cathode and anode but perhaps even more to the fact that 
the cnevjyf required to ptoduto wnfevion in t-be itirmer tnlio is de- 
ri\e<l entirely from the cathode drt^ wheresus in the latter a large 
part of the energy required fur emiaiinn 13 produced by the cathoile- 
hoating source. 

Mercury-arc vs. Mercury-vapor Tubes. From tho foregoing 
tli'cijs.sian it is evidpiit tliat the mercury-are and mercury-vapor 
tubes have many points in common. Both have a very low inter- 
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nal cirop which is constant regaidlcss of the load ; both will with- 
stand a rciiBonably liigh inverse voltage witlunil. brcalving down ; 
and both require a close control of the \’apor pressiiiv for satisfac- 
tory operation. I'boy Imve one veo’ tiislinct difTerciice, ho\''c%'cr: 



the raercury-vapor lube is tUways ready for Borviec as long as the 
cathode healer is energized n^ardlcss of how intermittent the load 
may be, whereas the mercury arc must be sUirtcrl by striking an 
arc that must be maintained eitherby a continuously llowing load 
current, oi' by a sjjecial keep-alive circuit. On the other hand, 
this difference in their catliodes makts it possildo to dian\- almost 
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unlimUcd current for tJiort periods from tte mt^rciiry-nrc tube 
withniit causing injurj’, whereas thn ciithocle of the mercury-vapor 
tiiiie. will be seriously damafftl «r destroyed in a short time if an 
attempt is made to draw more ^an its rated current. In other 
wortH, the inaxiumm instantaoefws current tliat may be passed 
through a mercur^’-vapor tiilKj is detetmiiied by the omission oli- 
tainablc from tlie hot cathode as well as by the temperature of the 
bulb, and the maviinuna cxwrent tliat may be paiwcel by a jiiercury- 
ar«! tube i« deteimined solely by 
the ability of the cooling system 
to keep the vapor pressure from be- 
cuiniPK excessive. 

Igmtron. Evidently a tube that 
will incorporate the ready-io-start 
charactcnstics of the iticrcury-vapor, 
hnt-calhodc tube with thii heavy 
current-carrying capacity of the 
memiry-arc tube should prove of in- 
cst.imidilc value Siioh a tubs is the 
igni'iron Furdanieiitolly the igm- 
tron IS a mercuiy-arc tube consisting 
of a mercury pool in the bottom of 
an ev'aciiatcfl bulb with a suitable 
anode above. In addition it contains 
an Igniting electrode which, with its 
a'isociated circuit, sen'es to strike tho arc at »• given time, an de- 
teiiniiiinl by externa! circuit conditions 
The operation of ignitrons is dependent on a principle discovered 
by Slepian and Lu<hvig,> Tlie ijmitmg electrode is made of a suit- 
able rcfi-iictory material and bo mounted ns to inako contact witli 
the meicuty pool A large cnircDb is passed between the igniter 
and the mercury, cniiising a small spark to strike which is carried 
over into an arc between anuile and cathode if a suitable potential 
is applied lo Oic nnotla at the time the spark is struck Once the 
lire is established, the igniter circuit is evened to prevent waste of 
energy.* 



' J. Slejjian an<l T, Ji I-mlwig, A New Afethod of Starting an Aris, £kc. 
Eay.. 62. p. 003, Repfemhar. 1933. 

* Circuits for using tlio ignitran and for starling mid b topping the igniter 
eijrifiit uro given in ciujj 7 beginning on p 200. 
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The general construction features of an ignitron arc shown in 
Fig. 4.-13 where the igniter electmle may i)c seen in conUicL with 
the merenrj" pool. A close pacing Ijetwoen anoclc and calhotlc is 
made possible by the reduced danger of arc I'nck rcsiilling from 
the absence of a koep-ulive arc. The dose eonslniction insures a 
A'eiy low tube drop and consequent 
higher efficiency. A commercial luhc 
is shomi in Fig. 4-14. 

Tlie larger sized tubes are commonly 
enclosefl in a met.al tank witi a water- 
cooling jacket, as in Figs. 4-15 and 4-10. 

The baffles and shields shown in Fig. 

4-15 are inserted to decrease the prolw- 
bilityofai-o back. Unforlunalcly their 
jjresencG also increases the tnlKs <ln>p, 
and in tubes iiitcnde<l for low-votiage 
applications they arc omitled. An 
e.s’ainplo of such seiwicc is in wekling 
control whore tho impressed voltage is 
comparatively low, which means not 
only that the inverse vollagc is low 
but that the lube drop must he kept 
to a miuiiTiutn if it is not U> he an 
appreciable percentage of the im|>rcsscd 
voltage. 

Figure 4-17 shows 12 ignilrons as- 
sembled into a complete rectifier rated 
at 3000 kw, GOO volts. (Cii-cuits for 
this service are presented in Chap. 7.) 

Comparison of Ignitron wth Mercury-arc and Mercury-vapor 
Tubes, nie principal fault of morcuiy-arc tubc.s was shown (,o 
be the need for a keei)-alivc circuit to maintain tlic arc, tints in- 
creasing the danger of arc back due to Ihc continuous o.'cistoncG of 
positive ions in the tube chamber. Tlic prineipiil fault nf mercury- 
vapor tubes was seen fo be the limitation iti permissible ox-erload 
current impo.sed by the maximum emission of the cntliode. Tlio 
ignitron very successfully climiiuitcs botli tlioso fitulis. Tho over- 
load capacity is the stimc as that of the mcwittiy-atc, and it is not 
necessary' to sustain the arc, the tube being ready for scr\'icc at 
all times. 
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Unfortimatcly these advantages of the ignitton :iie not ohtuiiied 
without cost, sinec it is necessary to use auxiiiiuy tul)es and cir- 
cuits to cnoigize the igniter (sec page 206). As ii re.sult tiic igni- 
tion is vapidly replacing the inercniy arc in liaavy-duty service 
where the coat of tliis aiLxiliary equipment is not too large a per- 
cent.age of the total invesijncnl, but the mercury-vapor tube con- 
tinues 1.0 be superior for lighter sendees. 



Tungar Tubes. ITie tiingnr tul)e (Fig. d-l8) was developed to 
supply a demand for a high-current, Io\v-vo!tagc lube to charge 
storage batteries or for other familar sendees. It is eonslnudcd 
with a rather heavy, coileel, thoriatcd-liingsten filamcnir mounted 
horizontally between two vertical supporte and an anode consist- 
ing of a small graphite button or taigct motmf.cd above the fila- 
ment. The bulb is \i-ell evacuated, and l.hcn argon gas is aclmitted 
to a pressure of about 5 cm of mercuiy. A ring of niagncsium i.s 
secured around t)ie plate, and after evacuation il. is I'olatilizcd by 
heating of the anode. This magnesium gellcr nerves the same pur- 
pose in this tube as in the bigli-vacuum tnlies; il dcpo.sils on the 
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glass walls o{ tho bulb and absorbs any active gas, such aa oxygen, 
tliat may be present alter eratsuatatm or released from the metal 
parts of the tube during operation- 

The filament of the timgar tube is operated at a much higher 
temperature than can ijc used ra a thoroughly evacuated bulb so 
that Its emission efReiency (niilii- 
sraperra of emission per ivatt of 
filament heating power) is many 
tiuvea liiat ot tUe filaments used hi 
hlRh-vacuum tubns. This high op- 
erating temperature tvould cause 
rapid evaporation, were it not iur 
thepresencRofthegafl. Tthnsboen 
fotmd that catliode evaporation is 
practically iit^ligibie in the presence 
of an inert gas at the pressure used 
m this tube. Consequently a very 
large ineruatMi in nmissiun is anliiiivnl 
in this tube without an exoeauve 
increase in heating energy, 
Mechanism of Current Plow, 
The tungftr tube conducts current 
m a manner very similar to that of 
tlie Kobeathode, meteuty-vapnr 
tube The electrons that flow from 
cathode to anode when the latter is 
positive collide with gas atoms-; 
forming positive ions which neu- 
tralise the space diurge ; thus 
saturation current may flow with a tube drop of the order of 10 
volts The tube drop may even be lower than the ionisation 
potential of the gns once the tube has stachKl Ui conduct. The 
cause of this very law drop is not entirely eler.r, but it is ue- 
doubti’dly tiuc to a combination of various ionization processes 
within the qjaco belwewi rathode and anode ' 

The positive ions in the tungar.asia themercury-vaportube,do 
not constitute an appreciable pordoD of the current flow, since, 

' A more ilctailcd discussion of this pliepouiemjn IB given by L. R Koller, 
“The PhyeicB of Electron Tubes,” 2d ed , p. 143, McGraw-IIill Book Com- 
pany, Inc., New York, 1937. 
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Ijoojiuse of tlieir greater muss, their relocily is very much less limn 
that of tlie electrons. As » consequence, virtually all the curretit 
through the tube is clue to electronic emission from (.he cal hocle.* 

During the half cj'clc that the plate is negative with respect to 
the filament, no electrons rvill be attracted to the plate, no ioniza- 
tion will occur, and the tube will present an open circiiil. (o the 
Bow of current. However tlic negative voltage api)liecl to the 
plate must not be raised loo high, or the gas wilt l>c ionized bj' (he 
few free electrons always present, and conduction in ( he re\'iir.se 
direction will take place. This ly|je of tube 1ms not been foiiml 
veiy Batisfactorj' on voltages much over 100 volts. 

Figure 4-19 shows the circuit commonly used with this tube for 
battery charging. The lower end of the sccmulnrj’ ^^•^Ild^ng is 
wound with very heavy wire 
to supply the filtuneut curronl 
which, for t-lm 5-amp bulb, i.s 
about 14 amp, v'hilo the upper 
end stipjjlies the ])Iale voltage. 

Tlio efficiency is low, since about 
30 (.0 40 watts is required for 
filament heating and about 50 . . 

.vatts i« lost insMo llio tnbctvhcn |'i'r"vS 
deli\’ering 6 amp to a 0-vol(. 

battery. The' 'efficiency is, however, much bet.ier (him when 
charging iiatteries from a 110-volt, d-c Hue Ihroiigh a resistaneo 
and compares rntlier favorably with that of a molor-gcneratof set 
v'heii the clifTercncc in first cost and niainlennnce is considered. 

Cold-cathode Tubes. Tubes with cold cal.hodcs may he oper- 
ated in the region c to d, l^^g. 4-2. Tire cun-ent-canying cajmcit.y 
of such lubes is small, Init they arc characterized bj' .a potential 
drop which is virtually independent of tlic current flowing. Thus 
they find extensive applications in voltogo (kod jiage 

225). Commercial tubes .arc usually made wnt.h (\d)C drt)jjs of 75, 
105, or 150 volts and with cuirent-carrying ciqmciLies of from 5 (,o 
50 ma. They arc normally filled with inert g:is such as argon, 
holium, or neon.^ 

' Fcir n more dclaiiod discussion of IhGineclinnlsmof curroiit (low tliroilgli 
gas see the discussion on mercury-vnpor tubes (p. 101). 

* For a mono detailed treatment of the pertormunce of lliis Ly|)o of tube, 
sec George M. Fitzpatrick, Characteristica of Ccrlaiu Voltage-regulator 
Tubes, Free. IRE, 36, p. 48C, May. J047. 




Biacc no) tl)er cathode Tiot an«lp. is heated ia a cold-cathode tube, 
oUher electrode may scr\'c »is the cathode, depending on the po- 
larity of tlic aiiplied cmf Co!d-eathode tubes are, iLcreforc, 
inherently bilateral condnclota; * e., th^' 'vill pass current equally 
in either threclion Examples of such tubes arc the small neon 
lamps that are used as night lights or indicators of live circuits 

([•jg -1-20). 

It H pnsiiiblr lu make cold-cathode tubes conduct more readily 
in one diiection than m the oIImt by constructing the electrodes 


Fin 4-CO Srniill ricoii lumps, (u) I « 
r>linc7i’rafni concentric spirAl; (»} 2«al 
cra{ EUctricCo ) 


with tiifferent cross-sectional areas. For example, if one electrode 
coiisiits of 11 small ivire and the other is of relatively large cro.-is 
section, the current flow will be greatest when the emnll elcctrcMlc 
is poKilice- Apparently the tube drop is nearly independent of 
the magnitude of the emrent flowing as long as the current density 
i/it the surface oI the cathode does nut iixercd a given nmuunt.' 
Hon over, if the current required by the load is such as to cau«e 
the fiirrenl density to rxrcwl this critical value on the small elec- 
trode but not on the large wic, a much higher vultngc wmild have 
to bo applied in ore direction than in the other to cause the same 

' Far funlicr inforiaalioa see A. E. Slmu, Cold Cathode Uectificatiou, 
rroc. IHE, J7, p S13. May, J929. 
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current to flow on both pcflnritics of the supply. Since the •\'’oUage 
of both halves of the a-c supply is normally the same, the current 
flow in one direction is much greater than in the other and a net 
direct, or rectified, current results. 

Cold-cathode tubes arc commonly used as voltage regulators, as 
in the verj' elementary circuit of Fig. 4-2] , where t he \-olt ago across 
the load will be maiuhtined at the rated voltage of the tube ]>ro- 
vided the supply voltage is appreoinbly higher. If the load cur- 
rent increases, tending to reduce the voll^ige, the I.uIk! \\'ill immecli- 
atclj’ draiv less current in mtlcr to satisfj' the currcnt-\-r)ltage ifliai'- 
aotcristic cur\’Q of Fig. 4-2, so that tlic total current through tlie 

resistor R remains essontially W y'- \ rp 

constant regardless of the mngni-'*' I R | { 

tudo of the load current. A rc- 1 

duotioii ill load is, of course, To load 

accompanied by an incrcato in 7 ^ 1 

the current flowing through the i 

tube. On the other hand an £» | 

iiicreasein the supply voltage will pia. j. 21 . Ulomeutury voKtigc-rcK- 
tend to raise the output voltage, circuit iwiiiB a uDhi-ciiilmitd 
but the current through the lube 

will immediately rise until the increased drop through R again 
leaves the same output, voltage across the tube and load, I’lie 
degree of constancy of the output voltage is evidomly dopendont 
upon the flatness of the chnnrclfristic curve of Fig. 4-2 throughout, 
the operating range c to <1. In commercial tuljos the drop vario.s 
only a few volts from minimum to maximum current. Regulator 
circuits may be designed using these tubes in conjuncition with 
high-vacuum tubes whicli will maintain l.lic out.piit. potential 
constant to within a fraction of avolt. Such circuits ai-e described 
in Chap. 8. 

2. TRrODES 

The insertion of a grid into a gas-filled IiiIjo prov’idos a means of 
controlling the flow of plate current just as in the case of a higli- 
vacuum tubs. Nevertheless the nature of tliis control is consider- 
ably different from tliat in a high-vacuum tube. In the lalt.cr tlio 
gridjs flh le not o nly to stop aii3' start thojeuiTcr^i^t but also to jjoii- 
y.‘Ol-it«jnagnitudc. In the gas-fillcd tube, on the other liiind, the 
grid ca n only start the c urrent ;"i t~ can nciClicr stop the flow of cur- 
rent once it jms started nor alter its magnitude. 



JL20 


OAS-PILLED TUBES 


[Chap, i 


Tbyratrons. A mercuTy-vi^t, hoL-<,a,tliod e tube % vith grid con- 
trol js knowa as a th?/r(UToa The internal construclion of nTamp 
tube of this type is shoivn in Fig. -1-22. The anode and cathode 
are of the same Rcnoml type of construction ns those of the mer- 
cury-vapor diode (p.age 101 ), aUbouglt the cathode is of the iodi- 
rectly healed type in nwiily all thyratrona except tlicse of verj' 


•Skiu batb 


sriiall siise 

Tiie grid of the tulxs showm in Fig. 4-22 consists of a metallic 
eylmcler complcteli' surrounding the «ith«dc and anode, cither per- 
lorateil or solid. A baffle plate is in- 
serted lictwxreti cathode and anode and 
made an integral part of the grid A 
sinnll opening i.s provided in tins LafFle 
to pentnt the passage of electrons 
The reason foi this type oi oon- 
^ elmclion will be apparent shortly, 
Application of n miffloiciit negative 
voltage to the grid, with the plate 
voltage ofT, will pniveiit any electrons 
front reaching the plate after the plate 
circuit is energized. If the grid voltage 
is then gradually made more positive 
(the plate circuit notv being coergizctl), 
a ]ioiiit will lie reached where electron 
flow to the plate will suddenly begin. 
Fro 4-22. Ctosr-seclional view This value of grid potential is known 
a a small thyratron j starting toffaje and is a functiiin 

of the tempera tuxe of Uio mercuty and of tLu plats potcrttial, being 
more negative as the plate voltage is made more positive. Its 
absolute value may be either posiUve or itfRative, depending upon 
the tube construction 



Making the grid voltage equal tu the stfirting value permits a 
flow of electrons to the pl.atc which will c.ausQ ionization of the 
mercury vapor just ns in the mftrcury-vnpor diode. The positive 
ions tbus fonried will then neutralise the space charge and permit 
Unimpeded passage of tiio Hleclrous In tJic plnle. 

Suppose that ji thyratron is placed in the circuit of Fig. 4-23 anti 
the jurtcntial oi the C batleiy at point J is sufficient to prevent the 
passage of electrons to the plate while point 2 is at a potential more 
positive than the starting volto^,. If the grid switch is in position 
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1 at llie time when plate volta^ is applied, an c.iii'; 
but as soon as it is thrown to position 2, condurtinn 
the relay wall be energized. If an attempt k Ihen 
the how of current by tlirowing 
the switch back to position 1, it 
will he found that l.he grid lias lost 
control of the plalft current and 
lliat the only way in wliich l.he flow 
of curient may be stopped is by 
opening the plate circuit itself. 

Potential Distribution Curve. Pm., 4-23. inuKirHiinn itin impos- 
The potGlUial distribution ctirve “brmVKl’/’ibe pl'atc cTrcuh 

of a thyratron wliilo condtreting of u ilij-miroa l>\- Krhl cnntrn! 
is illustrated in Fig. 4-24 for a 

negative grid potential. 4-24rt shows the distribution of 

potential along a line intersecting n portion of the mct-alllc gritl 
structure, wheieus curve b reprc-scnis conditions along ii line clniwn 
through an opening in the grid 
slnicttiro. A pasitive-ioii slicatli 
tiround the grid slnictiire 
to tlie aiiodo and cathode 
slieaths described nt the iicginniiig 
of tills chapter (pages 9S-102); 
thus the influence of the grid docs 
not cxletid ver5' far from its own 
surface. Coiuscquently the poten- 
tial along a lino rlinwn through 
the central part of an oiioning in 
the grid fitmeture has very lit.llo 
dip, as shown in h, Fig, '1-2-1. 
Electrons will, {.hovofoi R, How niong 
I'm. 4-2-). Potential ditrtribulioR this latter path oven with the grid 
meido a Uivr.ilion wlieii niiBBiiiK x _ 

plate current. Potciitiiil curves ^ ncg.ative potrntiiil, maiii- 
^ tfiken aloni; tlie tloUccl line taining (lie ioiliwit ioii of the gas ill 
— n tlic lower purl, of cacli .x , , ■ .. 

‘ the tube and so prcveiiliiig any 

reduction of plate ciuTcnl. 
Obviously, if the grid was mode .so negative Unit, the posit.ive- 
ion sheaths on oppo.site .sides of the opening ov'orlappeci, it would 
be possible for the grid to inlen-upt the flow of plate current,. In 
the usual type of thyratron this potential woukl be so negative tis 


through 

1 — •• \ slnictui-c 

pn 

I slieaths d 

-t- 


1^— -| Caffiix/0 K j ^ 
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to draw a very f\ccs«!ivc posilivo-ton grid current and is never 
applied Tiiyrntrunb may, however, be constructed with a grid 
consi-itrngof ft very fine mcph, so that no piith betw een cathode and 
anode can befoimil that dons not pass v'ety close to a portion of the 
gnd surface. A grid of this type is capable oi actually stopping 
the flow of current to the plate Tchen muile mixleniteiy negfiihe 
but tends to draw a largi'- current to itself. It v,ill draw appteci- 
nblo. current when negative as well as wlien positive, owing to the 
continual presence of a sm.all amount of ioni7uLioii from cothofie 
emismon, so that considerable poiver is required to actuate this 
type of tube It is, therefare, not svidcly used. 

Type of Grid Structure Required. The l oiistniclion of the 
gral in a Ihyratrun must be such as to prevent any electronic floss 
to the plate wliats'iever, no matter how small, w lien the tube is m 
the Donconducting state If even u fc»'' ch'clrons can get past tlic 
grid, so few as to constitute an inappreciable current flow, ionlza* 
tion nay set in and the positive ions ivill immediately nullify the 
edeot of the grid, pemiiltiiig full current In flinv. Cmisequently, 
It is essential to the buccessful operation of the tuba that the grid 
6« coinpletcly ulucld the cathode from the anode that, ■with the. 
grid more uegativc than llie Klurting voltage, no uleiitrons cun 
rench the anode. 

In high-vflduiim triodes, on the other hand, the amount of cur- 
rent flowing at any one time ir <Iejx>tKleul solely on the number of 
elriil.riinsthal are able to overcome the effect of the negative charge 
on lU« grid, either l»y » Lifdi initial emission velocity or by tiwvcl- 
irg around the grid Nonnnlly there iw u small current flawing 
in these lubes even when the grid is highly negative, as some elec- 
trons are emitted in siicli » direction and at sufficiently idgh 
velocities to travel around tho grid and so vnuic within the field 
of the plate. This current K too small to bo observed wdth an3' 
Inst the most sensitive mslninirnts and so does not materially affect 
the operation of the tube; but K it should exist in a thyratron, 
iiiaizatian v -sMld set in asivi the tube n ould pass lull tratient at ah 
times ivithout regard to the vuUagfi on the grid. The grid of a 
thyratron is therefore so mode as to enclnse the (lathnde com- 
pletely. This .accounts for its peculiar constniction and large size, 
asioen in Tig.^. 4-22 and 4-32. 

Another reason for a grid of eudi largn proportiorR is that it 
must not emit eleclrons, as a flow of electrons from grid to anode 
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a\-ouM fire the tube Jio matter what might be the gi'icl potentnxl. 
A certain .amount of active material gradually deposits on the grid 
from the cathode during opoiation of the lulrc, so that the grid 
must have sufficient, nidiating surface to keep its temperature be- 
low that xvliicli will jjroduec emission from (ho cathode mateiial. 



Fig. 4-25. Control clmrjicleriistjcB of a smnl], iHJB.ative-grid Ihyiatron. 


Thyratron Characteristic Curves. The chaiactcristiu ciirvos of 
a small tliyration are shown in Fig. 4-25. Any combination of 
grid and anode potentials and temperature timl determines a jioint 
to the right of a cliaraolerisUc cuive indicates that the lube will 
conduct; but if tlie point determined is to Uic left of the curve, the 
tube will not ignit,e upon application of tlie anode voltage if the 
grid voltage has been applied first. Tlte temperature indicated on 
the cun’es refei'S to that of the condensed meieury ; thus the tube 
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will bicjik dcKrn at lower anode viAlugcB aa the teniperalure jj 
increased. 

The thyrjitroii of Fig. 4-25 has a rated dcior ization time of about 
1000 Msec For service with il-e unode supply (as in inverter iwiv- 
ice, page 239) a sliorter deionisutioo time is desirable. Such u 
Lube may be constructed by locatinji tlic grid liaflle very close to 
both the anode siiul the. cathode, deeteasing the else of the oponinR 
m tlif! bafle, and decreasing the spacing between the glass envelope 
and the upper part of the grid cylinder and top of the anode, ul- 
thoiigh the cluMu s{iaciiig between grid and cathode results in a 
higher pieare grid current. 

The chanvctcnstic curves of Fig -I -26 are illustrative of the yer- 
formauoo of a small tube of this type having a deioniiation time 
of about 100 «3cc It may be seen that the curves lie more toward 
tlio posilivti region ; thus this lube is known as a posilU'e-grii-am- 
lro\ tuhe in contrast to tlio ncgcUvc-^d-conirol lube of Fig. 4-23 

Use of Gases Other than Mercury Vapor. Merv-ury vapor is 
used in mo»t tubes because tbe gas pressure is adjusinblo within 
the desired limits by temperature control of the liquid mereiiiy in 
the bottom of the btilli. On liie oilier imiul this vory character-' 
istic IS a source of trouble in certain applications ivhore either (1) 
tlu*. tumporiiturti of the aurrounditiR atmosphere varies between 
wide limits (aa in outdoor instalLntions) nr (2) it. is necessary that 
the tube characteristic remain constant within rather close limits 
(as m catliodn-my sweep turcuite, pugc 306). Inspection of Firs. 
4-25 and 4-2C shovis that only a small vitrlallon in temperature 
will cause inercury-vapOT Ihyratrons to break doism at an entirely 
(lifTerent anode voltage fur tlm same applied grid voltage. 

The tempciaturc problem may be solved by using an inert gas, 
such ag heliiiin, iirgon, or neon, in the tube, usually argon. A 
tube so filled has a characteristic Iluxt is nearly independent of 
temperature aii<l thus will always break down at apprusimately 
the s.ame anode voltage Another advantage of using an inert gas 
w that the p'.^sw.We was are hgbtci tVian thifco of mercury, permit- 
ting the tube to ileiciniee more rapidly. Thus tubes containing 
tbesu gn.'.cg r setter suited to higlior frequency operation than 
are tneren"' ,'or tubes. Even argon-lillrd tubes, buwever, are 
generally in. tisfactory for service rvith currents of a frequency 
of much more than a few thouBind cycles. 
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The disadvantages of using an inert gas are tliat the Uibe (h'oji 
is about 50 per ceni; gi-eater than with mercury ^’apor, and llic in- 
verse breakdown voltage is much lower. Thus avgon-fillod tubes 



are normally used only in those applications whore incrcury-fillcd 
tubes are not satisf-actory. 

Comparison of the Thyratron with the High-vacuum Triode. Il, 
is obvious from the difference in Uic nature of the gricl-cont.rol 
eharaoteriatics that the fields of use of the thyratron and the high- 
vacuum tubs do not materially overlap. The tliyratron is essen- 
tiaUy an electronic switcli, Imving an intcnial impedance that is 
either very high (switch open) or very low (sAvitch closed) depend- 
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ing on tfio gi'id ^jotentiAl, althongti it cannot be opened the same 
means as it s', as elused, tiur., the grid,' The higli-vacuiim tube, on 
the Dtlier hand, has moic of tlir. cLaracleristJCS of a valve, being 
able to vary the jiuigniludc erf the current throughout a wide range. 
The current capacity of tlm lliymtron is much higher than tliat of 
the high- vacuum tube, and the plate voltage reccssnry to produce 
this current is much lotvur Tlius Iho thyr.atron is essentially a 
ixiwer device, while the lii^i-vacuiim ttilm is witlcly iisraj in com- 
munication circuitf^, for coiilroHiiig thyratrons, and in other low- 
and medium-pot'cr applications. 

Grid Control of Mercury-arc Tubes. Grids may bo inserted in 
mercury-are tubes to perform the snntic functions ns in tliynitrons. 
Suice inoel meicuiy-atc tulics have more than one anode, they 
must also hove more than one grid, each grid being located in the 
path of the eleotrons flowing to o particular anode. The perform- 
nnce of such a unit folhvwx (■sra-nt.ially bame laws; us Ihn iliyra- 
tron, and the some precautions must be observed in the design of 
the grids to insure proper eontroliiiig acliuii. 

Grid Control of Ignlttotts. Grid control U not applied to tgitl- 
troiie (.brectly, but it is po-isilile to upply grid control to the tube 
that fires the igniter circuit Tlus tube may* be a thyratron ca- 
pable of detemuQing the instant uf tluie »t which igiLitiuii of the 
urc in the igtiitron is to take place. (For circuits see Chap. 8 ) 

Gfid-controUed Cold-catbode Tubes. Cold-cathode tubes are 
also coastniclwl w itli a tbml, or conttolling, electrorlc. This third 
electrode is often referred to as a erkl by uiuilogy w ith tliu high- 
vafuum tube, althmigli it u^nlly consists of a small wire. One 
Burh tube 18 shown lo Fig. 4-27 and in ertiss sccLion in Fig. 4-2S. 
By adjusting the grid to n mnio negative potential than n certain 
critical value — different for each valuo of plate polential — the few 
ions originally present may Ikj prevented from reaching the anode, 
and no current will flow throi^h tlie tube. This is illustrated by 
the. curves of Fig 4-20 where the nren to the left of the cuivi« 
represents enuihinations of plate and grid voltage.s that -will not 
cause the tube to become conducting, whoeas the area to the right 
represents the opposite, effect. 

If the. grid of one of these liibi'.s is left free, a plate potential of 
several hundred volts is necessary to break it down; but if the plate 

' Actually thp magnitude of an allemaltiif eurrent may be controlled bj 
special circuits (p 232), hut. with direct currents nu such control is poesibir 
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and grid poi.entials ai-e adjusted to a iioinl just- a little to Ihc left 
of the appropriate eim-e of Fig. 4-29, the failre will be vorj- sensi- 



l'’io, 4-Ti. Cold-cathode, Bri«l-Blo»v- lube. (irM<injr*eu*r iiVrr/ru-CWp') 



Pig. 4-2S. Sketch of the priodpal Fro. 4-29. Typicnl curves of n 

parts of the tiiho of Fig. 4-27. tube such ns'llml of Fig. 4-27. 
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live to sliglit olinugcB in grid voltnge; » man’s iiand placed near a 
wire ivoimcoled to the grid will, lot example, caii'=c tlic tube to 
break clown. Tims flie tube may be iiscd to close a relay to indi- 
cate tlic im:sence of an undcsirtMl |iemon, such as a burglar, or to 
deli'iit, the prcBcncc of mclallie objects on a conveyor belt or in a 
chute, etc. A typicul circuit is pven on piigo 2o0, 

Anotlifi- tube of this same type is sliomi in Fig. 4-50.‘ The 
large disk is the cathwlf, and tlic anode consists of a small wire 
piotradmg through tire center of the eatliodc. Tim Brie], or starter, 
aa it is called in this tube, consists ot a 
Kmall circle of wira located rjuitc close to 
IhecathcKic. Tim tuba dependM for its op- 
oral ion on tlio apjrlicution ol Pascheo’* 
laa, nhicb slates that the brcakiiown po- 
Icnlial dcoroii«o.s — beUvceii ccrtiiia limits — 
MS the clocirodcs ore brought into closer 
proMmity. llrus the brcakdo\i-n potential 
i)CtuiH‘n I ho Htnrtcr and tiio cathode jsiees 
(luin that between anode and cathode. A 
small potential applied between startcrand 
mthodc will thus protlucu current flow 
between these electrodes, and the rcsultiog 
increase in ionteation wilt cause the main 
anuile top.ass current at a low nr potential 
than if sudi ionization were not present. 
A potential is ronnidly applied between 
aiuxlc and catlinda that is less than the 
brcalidoim potential between these two 
I’lcctriMles but that exceeds the brc.'ikdow n 
potential when the starter is energized. 
Thus no current will Ilow through the anode 
circuit until a suitable voltage is applied to the starter. After the 
dLschatgc forms between anode and catliodc, the current woH, of 
eouvse, contmue to ftiw, rcganlless of the starter potential, until 
the plato eireuit is opened or its potential w lowcrcrl sufEciently. 
If 0-0 power is supplied to tlie plate, tho plate potential is auto- 
matically removed at the end rf each positive half cj’cle, anil the 
1 yv. E. E.iJiIs anU C. II. Thnnios, A New Co!d-cathoi3e Gas Triode, ££tc- 

tronicj, 11, p, J.], May, jgsg. 



Fin 4-30 CnJ-eoit- 
trollcd rnld-eothodc 
tube (.HOA ) 
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grid wiJl tiien >'cs\imG conti-oJ. (This 
is similar to tho opomtion of J.hyi'a- 
troiis witli a-o supply, see Cliiij). S.) 

This tube is used prlmerily in con- 
trol circuits where stand-by sendee 
is desired. No power is eonsumccl 
by the tube until tlie starter electrode 
is energized, b\it sufficient current 
will, fiou' from anode to cathode after 
firing to operate a reasonably inggc<l 
relay. A circuit and applications arc 
given on page 249. 

3. SCREEN-GRID TUBES 

All tliyratrons of the single-grid 
type lend to draw an appreciable grid 
current, even when the plate is not 
conducting. Grid-current flow during 
periods of plate conduction is to Ire 
expected, but even during noncon- 
ducting periods a small amount of 
ionization is caused Ijy the emission 
of electrons from the cathode, and 
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these JOES are alti-acted to the negative giid. This grid wiTTCTii 
may bo greatly rediioiHl by the inseition of a second, or screen, 
end located between the control grid and the cathode and anode. 



Fia 4-33 Control cbaroctenstics of & small, aqreen-erid thyratron 

The internal constnictjon of a eniull Bcrcen-grid thyratron b 
shonTi in Fig. 4-31, and a photograph of a complete tube in Fig 
4-32. Tlie screen grid is aimiiur in constructicai to the grid used 
m triode-type Ihyrntrong emsept that it has two baffle plates. The 
noiitrol grid is a small cylinder luoatecl between these two baffics. 
Thus the control gnil is so located that cathode material cstitidI 
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readilj' deposit on its sujface nor Avill it absorb npprcciahlo lioaf. 
from the catliodo or aiiofle or from the arc stream. Ils .small size 
greatly reduces tho poative-ion current llowirig to it when it is 
nGg.iliA^e and also reduces ils electrostatic capacity to the otlier 
elements. The grid current is, therefore, very small, and the tube 
may be used with a verj' lugh resistance conti-ol source such as a 
photoelectric tube. 

The characteristics of this tuljc are given in Fig- '1-33 ^s'hel•c it, 
^vill be seen that the starting voltage may l>c made cifher positive 
or negative by .adjusting tlio voltage on the screen grid. 

Problems 

4-1. A certain mercury-vnpor diode rcquinis 9 amp ul, 6 volts to liuivt 
tlieocitlioclo. The tulio drop nil amp ptnlc currout io 12 volts, (a) What 
is tho total po'vui- lost iothctulicat a current of I amp? (9) Apprcsrimatoly 
ivhat is tho total loss in the tube alUnmp plate current? (I^miKsUm ciirront 
in oxooss of h) amp.) 

4*2. A hiifh-vauuutn tube draws a fil.aiuotil current of 92 innp at 22 voKs 
with a tube drop of 600 volls at 1 nmp plate eurrciiU (n) What is tho lotiil 
loss in tho tiibo at 1 amp plate ciirrein.? (9) AsHtiniifi); Unit tho plnlo- 
ciiiTont-pIiitu-vollngo charnclvristic is the siimc as for iiifiiillo pnrallcl- 
pliLiio cloutrocics, whiil Islhuloss at 2 amp? (Coni|>«rc I'csults with tlniso of 
Prob. 4-1.) 

4-3. A turgar tube requires a ftlamciiieiirrunt of J-lniiip rtt2 volts with a 
ttibc drop of 10 volts at a load current of 9 amp. WUial is tlio total loss in 
tho tubs? 
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PHOTOELECTRIC TUBES' 

Photoelectric tubes fall into three general classes: (1) photo- 
emissive tubes, (2) photucondiictivc celH and (3) photovoltaic 
cells, Photocmi'=!sivc Uibci. aic tliose in uhich^jmpingingjight 
causes emission of eloetrrwis from a photos ensitive surface. Most 
pliotoclcctnc devices fall m this class Pliotoconduetivc cel ls ar e 
those in which the resistance varies with the intensity of the light. 
Photovoltaic cells are those which generate an internal emf upon 
being e\poso(l to light. 

Units Used in Light Measutement. Before going further it 
may bo w ell to consider briefly some the vinits used m moasurir^t 
light uitcubities. Unfortunately these, arc none too farailiar to 
many engineers. 

PoiiTr. Thu tirfcrnaftonaf ea»il!c Is the unit of liglit 
intensity. Electric lights are rated in candle power according to 
the inter.sity of the light that they omit. 

Lttffien. The hirncn is a unit of the luminous flux emitted from 
a light source. If c uniform point sotircc of light, having an inten* 
sity of 1 cp, 13 located at the center of u sphere of 1-ft radius, the 
.'iinoUDt of luminous flux on 1 eq ft of tlic sphero’e surfaco is called 
a lumc/i Evidently a l-cp tsouruc emits a total of -lx lumens 

Foot-candle. The foot-cancllc is a measure of illumination, or 
luminous fltLX density, It is nqual to a lunien per square foot. 

1. PHOTOEMISSIVE TUBES 

Conuneniial phritnemis«iv€ tubes (comironiy abbreviated to 
phototube'}) consist of a cathoife and im anode, contained in a 
glass tuliG vpry similar to those used for thermionic vacuum tubes- 
The catholic generally consists of a half cylinder of onpiicr or silver 
coated with a photcbenativc material, with a vertical wire anode 
lying along the center line of tho i^dinder (Fig. 5-1 ). The catliode 

■ It, is suggested ikit the reader levicv the gtclion* on photoelectric 
craisaion m Chap 1. 
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is puvpostily mnde with n. comparatively largo surface, to secure tiie 
maxiinuin possible emission. On tlie other htinrl, tiic atniill magni- 
tude of the eurrciils obtained o.ven with fairly largo cntliodos makes 
a largo, anode entirely uimeccssniy. Evidently a largo anode 
would greatly loduee tlie nmoimt of light striking the calliodci and 
so lessen the scnsili\dty of the lube. 

Phototubes, like thcrmioDic tubes, 
are of two types: higli-vacuum ami 
gas-filled. The gns-fillcd tubes ionize 
when the plate voltage exceeds a certain 
value and thus pass a much larger cur- 
rent tluui do the high-vacuum lul>c«. 

Unlike the tlicrmionic lube, however, 
this ionization is not iivoducod for Ihe 
purpose of neutralizing sjiacc charge, 
since, as will be sliowa, there is no limi- 
tation of curi'ent flo«' by space charge 
under normal operation. The ioniza- 
tion of liic gas increases tl)c current flow 
by liberating positive ions and negative 
olccti'ons from the ionized gas atoms 
winch then flow to cathode and anode, 
resjrRntivoIy, the positive ions dniwing 
additional electrons from the c^ilhodc. 

Iligh-vacuiim lubes arc used in liglit- 
nieasurement work and in certain relay- 
operating applications, llicy are less 
subject to damage due to applications 
of excess voltago or current, and their 
sensitivity remains more constant over a 
period of time. Gas-fillotl tubcsarcuscd 
quite largely io talking-picture work 
where their higher sensitivitj' reduces 
the amplification iieetled. 

Characteristic Curves. Hig^-vacuum Tubes. The cuiwes of 
plate current vs. plate voltage for a high-vacuum phototube arc 
vei-y similar to those for a high-vacuum diode. The magnitude of 
Ihe current flowing under any given condition is doloi'minec! by the 
electric gradient of the space charge surrounding the catliodc 
and the velocity of emission of tlie electrons just as in the liot- 
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cathode diode. One very roaAeil difteience, hcnvever, is that the 
cathode cf the diwle is sm.all in area, cau-sing relatively liigh 
negative gradients, whereas that d tlic pboUeceW is large in area 
producing raucli lower negative Eradients at the siiiiais;. Thus 
the phototube plate current eaturates at lowcrplate voltages, as (he 
electrons I'ncuuiiler a lesser retardinfi force from thif space charge 
Figure 5 - shous a family of such curves. The current is scon to 
rise rather abruptly with in- 



creasing potential until npoinf of 
safiiratiiHi IS reached. Thissatu- 
ration point is determined pii- 
mai ily by th e cm ission and thcre- 
foco vatieK with the iitnoutit of 
light applied to the tube. Rm- 
dently the phototube ia aormally 
operated on the Miturated part of 
ilacharnctmatid curve, shiceitn 
deatred that the current be -under 


the control of the incident light rather thtin of the applied plate 
potential. This is, of course, just the rovurMi tif the lliormiiinic 
diode, whciv the Miiission is held constant and the current flowing 
iM ciirtnilled by the potential a|>plie<l between plate and cathode 
If points aro taken from the 
curves of Fig. 5-2 for any potential 

well above saturation and plotted I _ _| 

against light intensity, the icsolt p* 

will he the curve of Fig. 5-3- This s ^ I 

curve IS seen to be a straight line i ^ I I i ) I I 

passing through the origin, so that ” iu**ns ’’ 


current flowing throu^ the Fio 5-3. rmrent-light 


coll .. a d„ec< cl » 

the light striking its suifacc. It 

should nlsn lie evident that this curve is virtually independent of 
the applied potential, unless this potential iii allowed tn fall belo'V 
the eaturution point Tlius, for nil pmelical purpc.scs, there is 
but n single rui vc in this family, just as there was but a single 
emission curve for tlie licit-rathode vacuum tube.' 


‘ Very lo" pi ito vultages (belniv atiout ^0 volte far this tube] wili pro- 
duce a curve somc« fiat Irelow the one flhnnn, glare Batiiratinn ciirretit mil 
not fifln at low ptnie verftaera 
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Characteristic Curves. Gas-filled Tubes. Gas inserted into ii 
phototube will increase its sensitivity and olhorwisc altar its 
characteristics. .Fig»ire S-dillusti-alesldiis difTerence quite vividly. 
Thu cuiA’CS for botli fJio vnciinm and the gas-fillcd lube.? virtually 
i;oiticidc up to a plate potential of about 20 voils. At that poitit 
ionization of t.he gas sots in, and the cuntjnl increases fairly riijjidly 
from that point on. l!h’idenll3' 
the ma.\iiaunj cui'reiit of the gas- 
filled tube is gi eall.v in excess of 
the total pliotocmission of the 
cathode. 

The cuiu'e of Fig. 5-4 is essen- 
tially that of Fig. 4-2 from o to I» 

(except for the interchange of 
abscissa and ordinate). The re- 
gion 0 to 0 of Fig. 4-2 corresponds 
to the operation of the Jugh- 
vacmim pliototubo, although tlio source of einissioti ^vtis ionisiation 
by cosmic rays instead of photoeinission, while the region ff to b ctir- 
rnsponds to the I'egioti above about 20 volte in l''ig. .5-4 foi' tiie gas- 
filled tube. If the voltage Impicssod on a gas-fillctl tube is hir 
creased suflicienlly, tlic bicakdown potontinl of the gas will bo 

30 

?« 

g,20 

hi 

|io 


Fio. 5-S. Current, -light curves of n gas-filleil pliotaliilic. Nolo lluiL llir 
ng'^5 voltiigc (where there is no ionisnUoii) is siniilur to llmt of 




Arode Vo!l» 

Fio, .’>-1. Curve lihowiiij: ihr ofTocl 
of gns on the 1.0 lumen elutrac- 
Icristie curve of Fig. 5-2. 


exceeded and .'iglow discharge may be estabJisfiod, eoiTOsporidliig to 
the region c to / in Fig_ 4.2, Tlig resulting incrtuv.sed positive-inn 
bombardment is extremely injurious to the cathode, and care shou Id 
be exei'cised to avoid application of sufficient poleiitiul to cinisc 
breakdown. 

Figure 5-5 sho^vs a family of curves for tlio gas-filied tube, witli 
impinging Ught as the abscissa. It will be noticed that the current 
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no loMRor independent of the plate potential but increases eon- 
timicuely as the potential is laiscd. It. should bo noticed further 
that nt low plate voltages the cur\-e is straight just as for the high- 
vacuum tube, but at higher voltaB>«llic piute current increase at & 
po\’ vr higher tlian the first. If this type of tube is used to repro- 
duce variations in light, as in talldng-pieture applicatioag, a certain 
amount of distortion will result, * e , the current flow in the tube 
ivill not h«! directly proportional to the impressed light. However, 
inserting a, sufhe.icnily high lojiii TFstatanen in serice will nxhire the 
distortion to a negligible quantity,' and therefore, gas-filled tube& 
aie nidely used in tnlking-picturc work, being preferred to the 
tiigh-vacuum t.vpe because of their greater senh'tivity. 

Anollior linirtalion to the use of gaa-filled tubes is that they do 
not respond so rnpidly to variations of light inteiisity as do the 
high-\ao\iuni lubes Thus they tend to give a lower response when 
tliH Iiglit vai lea at, say, 5000 cycJcs/soc than when it vanes at only 
100 cyclcs/se£. In talking-picture applications tins will also cause 
divitortiiin Uio rt’pnxlucdd Hotiod unless it ss cormotKl by siiltuhlH 
olcctiical networks Modem gas-fiUed tubes, however, have a 
robpoiisc that is sufTicieiitly last t.n i-nusn only a very small amount 
Ilf distuptum in the frequency range required. 

Tile gas used in photoelectric cells is always one of the inert 
group, siiiCG the phutosi'nsitivc surfaces are nil rather highly active 
chemically. Argon is most commonly used, being relatively cheap 
and entirely saCI^factOfy in other ways. 

Color Response of Phototubes. Most photoemissivc materials 
respond more readily to the violet and ultriwuilKt end of the 
epectruni tlian to the red imd infrared, as illustrated by the curves 
oFlig 1-7 (page 21 ), although, asslnhil on page 21, certain com- 
pO'5iie materials are cajiable of a much wider spectral rchponse. 
I- igurc .l-G IS illustrative while Fig. 5-7 shows the response of aii- 
(itlicr cesium ovido tube wherein the response i-s peaked in fxil.li the 

' See discussion of distortion in thmutonie tal»B8 in Clisp. 9. Criffiy 
liic curvature of the cliaracleristin eurvn ra.ty be con.giHcrcd as being due 
loavariationinthe internal reristanee of the tube. If a eons taut resistance 
IS connected externally in series with the tube, which is much larger than 
Ihe equivalent tube resistance, it ia eTident that the magnitude of fte 
ciirienl flow will bo determined largely by the constant external resistance 
talUcr tlittti by the variable ioloraal resistance. The CTirrenl will iberefors 
be nearly projportioaal to the intensity of the impiessed light. 
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red and ultra\'iolct regions.* Tiic insertion of gas produces very 
little change in (lie. color scnativii.y. 



Fia. 5-G. Color resporgo of .o hiKli-vncuuin, c<iHium oxide pliolotubp. Tills 
tube Ib liirgi’ly rosiidiisivr. to (he violet and ultriiviolcl cii'i <>t (lie spectrum. 



Fio. 5-7. Color resnouse of n biRli-vneuiim. cesium oxide iihototiilic. The 
resnongq of this Uilio him Jwen peaked in llic red end of the Kpeelnitn, n.s 
ivsU as in (ho iilirnvioicl. 

Phototube Circuits. Hie slmplost type of circuit for ii«o witli 
a phototube is lliaf, of a battery and mieixromnictcv in series \vit.li 
the tube (Fig. 5-8). If a higb-vacunm tube is used, tlio current 
lead on the meter will Iwa direct indication of Uic light striking the 
tube and may be ased as a measure of light infensity. '.('ho 
phototube is scidoin used in this manner, however, since tbo ciirrenl. 
that it will pass is so small as to require a very sensitive melor; 
furtheiTOorci the ijliotovollaic cell, to be discussed in a later .section, 
provides a much simpler means of accomplisliing the siuno result. 

The more common applications of phototubes involve tlic use of 
associated vaeuum-lubc amplifiers.- TJie tube i.s coupled to the 

’ Si:udi9cusiiioii ofihccc.ualod-sUvcrsurfnccROnp. 20. 

’ Sec np. 251 iind 310 for further dctnils. 
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input lube of an amplifier by means of a higli roswtaiice Rg (Pig. 
5-9) between, grid and cathode. Since the current flow througli 
llie phototube is of the order of a few microarnpen*s, this resistance 
should bo \’ery hiRli. preferably several tens of megohms P'or 
the Nimo reason the insulation resistance \vithin the phototube 
betMeen its cathode and anode, and wit bin the triodp between grid 
and cnthotlc, slioulti bo at least as high and preferably higher. 



Ti'^ S-H Simple circuit for >'io &-9 Circuit of a photoelectijs tube 
USUI* a phototube to tress- coti|>bd to tlws input of a vscuum-tuhe 
lire IiKiit mtenaitics amplifier. 


Speoifll provisions aro often included in the construction of photo- 
tubes to ensure the resistance of the leakage path remaining hi^i 
througliduL till! life of the tiil>c. 

2. PKOTOCONDirCTIVE CELLS 

Many niutormla show the interesting property of changing 
electrical resistance when ilhirainatcd. The mo.'-t commonly used 
of these is selenium, but lead enrhouate, molybdenite, rock salt, 
cinnabar, and a few other suinitattces sliow Ihc samK rffecst to u 
greater or lesser degree. The effect seems to ba a true photoelectric 
liheuomcniiti, hut no clcctionsarcactuallyetnltted from the surface, 
the liberated electrons ajipamitlj' flowing entirely within the 
material and recombining mth the positive ions at a rate that 
eventually causes saturaUon. 

Selenium Cells. Selenium cells are gcncrnlly Iniilt on a grid of 
very fine wiie (Fig. 5*10). Two wires are wouacl side by eido onai 
suitable insulating support, such as porcelain or glass, the spacing 
f>etu een the u ires being so dose Uint it can hardly bo discerned by 
the raked eye. Selenium is then distilled or painted onto this 
surface, following winch it is annealed at a temperature close to its 
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melting point, to produne the gray, crystalline variei.y of selenium. 
It is only this of tlie metal ndiicli ejchiblln f.lic ]>liotoeonduc- 



Pr<i. S-iO. IlliisUatlni; one mclltod of buiMinff a Kcleiiiiiiii cell. 

(live netion ; hence tlie nnnenUng. The fiiiishwl coll iH then mtniiiled 
in a glass contiuncr llllo<l witli an inert gas (Fig. ij-l I ). 

Tho purpose of the grid constnictimi in (lieso 
cells is to secure an internal resistance that is 
not too high. Selenium is not a goo<l coti- 
ductor, and even \vitJ» the type of constrno 
tion just desnribod tlie Itghl rasislanco is of liie 
order of 1 megohm when iliamiimtcil l>y lOt) 
ft'Oandles of light, whereas the <larh resiatance' 
is from six to ten times tiii.s value. lOviilenfly 
the amount of cunent Uiat such a cell will 
pass with the normal impressed potential of 
about 100 volts is not much over 100 pa. 

Another inolilem tliat the grid construction 
solves quite well is Uiat of exposing a liu-g ‘ 
amount of the selenium to the impresscii light.. 

Selenium is (juitc opaque, so Uiat lifd'i- cannot 
penetrate a great. disUmcc into the maUwinl. 

Excc.ssive Ihicluicas of active material is t.herc' 
fore highlj' undesiiubie, since it will feml l.o 
decrease the darlc resistance without decreas- 
ing the light resistance a proportional.c amount. 

The ratio of dark to light resistance, the 
measure of .a cell’s efRciency, will therefore d«- 
cren.se with the thickness of tlie material. 

‘ By dark resistance is maint the resistance bo- 
tween terminals of liie cell wlicn it is not iliuminnted. 
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The curn;nt-light characteristic curve of the tube of V'lg, 5-ll h 
sho\'ninRg S-12. lb ia not so linear as that of the high-vacuum 
photoemissive tube, but the current variatiiin is inucli greater 
If the light intensity is varied 
periodically, it wil[ be found that 
the ctdl response drops con- 
siderably ns the light modulation 
frequency is iucrensed nbove a 
feiv hundred cycles per second. 

The normnf selenium cell re- 
spouds readily to infrared aiid 
red radiation and gives only a 
feeble resjinnee to violet and 
ultraviolet, although cells may he 
manufactured with quite a variety of color-response chsractBristlcs 
liy Rbght cliiingeH ia luanufnutiiriiig prnccsifes. 

Other Types of Cells.' A thallous sulfide cell has been de- 
velopeil which has a inaxiiDum response at U>500 A and gives a 
satisfootory response as high aa 14,500 A, well into the infrared 
region * It has a resistance variation of from 0.1 to 20 megohms 
and a linear respoaso lor liglit inlejiKitioa below D.02 ft-candles, 
although a reasonably linear response may be obtained at very 
much higher inlKiixilies if the tube is operated in sericH witli u high 
resistance. Its response falls olT soiucwliat with increasing fre- 
quency of uiodiilntion of the light source but the signal-to-noise 
ratio la much higher than willi otvdutn oxide phototuhea. Thus, 
while not ideal for such services as reproduction of sound on film, 
it may be more saltriaclory than a phototube %vlicn used with a 
suitably compensated amplifier. 

At the oilier extreme of color sensitivity is the lead sulfide cell 
w hich has a maximum respoiiue at 2.500 A and a thivwhold at 3CClO A 
and is, tiienjforr, primarily responsive to ultraviolet light. The 
response of this cell is nearly constant at light intensities up to 
-10 ft-cjind/ca. It has a resistance variation of from 0.1 to 20 
megohms. 

Circuits Suitable for Fholoconductive Cells. Photoconductive 
cells pass sulDciiint current to operatea very sensitive relay directly. 
However, they ate more cammcnly used with vacuum-tube ampU- 

' Seantstnict in Pror. OpHtalSoe.Ani.,i5,f. 350, Juua, 19^0. 

’ See definition of nrg.itr(nna (A) on p 21. 
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Fig 5-12 Current-light respoose 
nf f\ typical salenium cell. 
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fifii-s in circuits similar to those used with phototubes, as Fig. 5-9. 
For maximum response llie rosisLanco R, should Ijc tho geometric 
mean of the dnrir and light resistances of llie tube. In this they 
differ from the phototube which should be used with as high a 
rcsistenco as possible.' 1^0 obvious reason for this is that the 
response of the latter type is due to a varintio!> in its current (emis- 
sion), whereas in the photoconductivc cell it is duo to a variation 
in resistance. 

3. PHOTOVOLTAIC CELLS’ 

The photo\'-oltaic effect was discovered by Bccqucrc! about the 
middle of the nineteenth century. He found timt., if two similar 
electrodes are immersed in on electrolyte and the electrolyte or one 
^'tlio ^eotrodea is illuminated, a small potential is sot up between 
the twb 'eloctrbdcs, which is a function of the intensity of the im- 
pmiriDg light. U'his phenomenon is apparently due to emission of 
electr ons f rom llie il!umiiiute<l electrode into the ciectrol.v(o. 
Eigli^ genBi livo 'dovicos oper.ating on this principle are known ns 
phoiovoUaie cdh. 

Photoi’oltaic cells arc connccUKl rlircctly to a meter or otiior load 
without nnj' oxtcimal source of cmf; in fact the use of an cxtei'nal 
source bremf wiH cause ^rioiis damage if not destruction of tlie 
cell. 'They arc capable of producing sufficient curronf. to opoi'oto 
a seaside relay directly and arc therefore extremely useful in 
con’ll apphoatious whore a source of potential, sucii as is required 
for pholo^qndiictiye' cells or phototubes, is nob available. Tiic 
sfiorUcircui't current flowing is almost directly proportional to tlic 
intensity of the impinging light so Hint lighip-intonsitj' measure- 
ments may be made by connecting a sensitive, low-resistance meter 
across the terminals of a cell, ns in [iholographic, light-intensity 
meters. 

Photoi’oltaic cells tend to bo somewhat slow in responding to 
sudden changes in light. Thus if the intensity of the light is varied 
at a rate of several thousand cycles per second, the changes in 

' Except that it should not be so liigli as to drop the voUngo across the 
phototube boiow- that wjiich will ensure Uic flow of satuiTitioii curroiit, nor 
is there any point in increnBing the erlemal rcaielaiice until it approaches 
the shunting resistance of the balance of the dreuit. 

* For some of the applioations of this typo of coH see Anthony Lamb, 
Applications of a PhotoulcetrioCdliEfec. .^ 9 ., Ci, p. 1180, November, 1935. 
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current tlirouicli the cell w ill lio inucli less in magnitude than if the 
ligVit IS varied at only a few cycles per second. The cur%-c of 
Fig 0-13 iltiiatrafoa this point, nherc tlie abscissa is the frequency 


at ^\lncli the light 
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intensity and the ordinate gii'es 
effective curient Hmv in per- 
centage of ma*cimiim. Thus 
these wdla are not suitable for use 
in comraimication circuits. 

Iron Selenide Cell. The iron 
sriemde coil (Fhotrouic) con- 
sists of an iron electrode coated 
iviLh iron w»lcn5de, this in turn 
being coated uuth n thin, trans' 
lucent, metallic iiltn fot the other 
clectrude. The coraplole unit is moiintod in n suitable case tnth a 
glass windon* to orirait light. Current-response curves for this 
type of cell are aho\vii in Dg. &-14. The color response is quite 
similar tn that of thii lininnn eye. 

Equivalent Circuit of Photo- 
voltaic Cells. The cuia-cs of Fig. 

6-14 slifnv that the current pro- 
duced by a short-circuited photo- 
voltaic Cell (3 ohms is virtuully a 
short circuity vnrie.s in a nearly 
direct proportion to the intensity 
uf lliH impressed liglit whereas 
tlir current flowing with higher 
rc-^iistances is not at all a Jincar 
function of (lie light. 'J'his is 
heennsc tlic cell is more ncarlj' a 

constant-current generator Uiaii cuustiuil-voUnge. Thu t'qiiivalent 
circuit ol t.iiis type «»f cell is shown in Fig 5-15 in which CJ repre- 
sents a generator, producing a current almcet directly proportional 
to the intensity of the iiglil, which, to a close tipproxim.aticm, rnain- 
tams this current flow regardless of the external circuit conditions 
The resistance R is internal to tlie cell and lends to iJeoieaeH as the 
illumination is iucrcaficd. The caneot flowing through the ex- 
ternal circuit depends upon the ratio of e.Kternal to internal reais- 
. tanceasuell as upon the intensity of the light As the external 
resistance is increnseti, theperc^tage of the current produced by G 
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that, passes tlii'ough R incrcnses until under open-circuit conditions 
all the cuiTfinI; flows tliroiigh Uiis shunt patli. This lesisUuicc, for 
the Photronic cell, varies between about 7000 and 1000 ohms, 
depending upon the intensity of the light. Uiulei- short circiiil,, 
all the cui-rcnt generated of course flows through tlic cxtonnil 
circuit, and a nearly sttniglil-line relationship is obtaiiKHl 
(Fig. .5-14). 




Fill. 6-16. Eciaiviileai circuit of a 
pholovoUiiirs (lull. The gencmior 
Bhrnvu doiivoi'fl a current wbcli is 
n futiofion of the impressed liglil 


Fin. 6-10. Circuit using a nlm- 
tovoluic cell to control a loud 
which may consist, of ii relay, 
ineicr, or other device. 


Circuits Suitable for TJse with Photovoltaic Cells. Phntovoltnic 
colls are most cominonl.v used directly in scries witli a relay, meter, 
or otiior load, as in Fig. .5-10. Since they generate their own 
inUirnal enif, no external sotircc is refiulrcd, and the circitU. is 
instantly ready for tisc withwit power coHsumpt,ion from an cx- 
lemal source. PhofAtelcctrie tubes, on the other hatul, mu.st nor- 
mally be used in connection with vacuum-tube uinplifiors which 
must coiisiune poii'cr cuntiniionsly for cathode heating and plate- 
ciirrcnt supply to bo ready for sen'ice on demand. Photoconduc- 
tivc cells also require consumption of power at all times. I'liiis 
the photovoltaic cell supplies a verj'- real demand for control of 
various eleci.rical and mechanical circuits and devdees with a maxi- 
mum efficiency and u minimum of au-xiliary apparatus. 

Photovoltaic cells cannot ho used s.atisf!ictoriIy uith vacuum- 
tube amplifiers, since they pi-oduce only a very low voltage, being 
essentially con.staiit-cuiTcnt gcncratora. For operation of a 
vacuum-tube am]3liiier, a higli rcastance must be inscrlecl in. .series 
witli the cell to build up the voltage required by the grid of the tube, 
and, as shown by h'ig. 5-14, insertion of resistance will materially 
reduce the current flowing. It may also ho scon that the maximum 
voltage obtainable with 10,000 ohms resistance is about 0.25 volt. 
It should be fui thor evident tliat an increase in resistance above 
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tills amount vull result in very little further increase vn voltage. 
Since a good photocli'ctric tube is capable of jiroclticing an output 
of at least several volts rvith a reasonable intensity of light, it is 
evident that the phoLovoltare cell is not suitolile for such service 
I^afctems 

5- 1. A phototube having ll>6charactertslicao£Fi5.&.3 is to be UBcdin the 

citcmt of Fig 5-9 TIic ennstants of the nrnplifier lube are it •= 13, r, = 
13, con ohms, (Ta iiiiilioB If a liglit flu^ of 0 2 lumco is impressed 

OQ the pbutotube, what will be the ehange in plate current in lUe umplificr 
tube »a the light is eiil citt when ft, la <«) 0-1 megohm, (&) 1 tnegobtii, (c) 
5 JiiegoLms? (Let ftt • 0 and assume Mr r„ anil lu reuiaic constant,) 

6- 2. K photovoltaie tcH having the charaeleTlstics of Fig. S-l* has an 
active exposed area of 3 eq m Wlul curreul will flow through a S-ehtn 
load witli l.O luiaen of light flux on the cell? 



CHAPTER 6 


SPECIAL TYPES OF TUBES 

A number of tube types do not fit into the classifications tliiis far 
considered. Some of these are cathodc-ray tu!)cs, X-ray tubes, 
iconoscopes, kinescopes, and clecfa'on rauUlpHors. The most im- 
portant of these special tubes are briefly described in tliis cluiptcr. 
No attempt is made either to make the list complete or to give a 
thorough discussion of those which are described, since the number 
and varictj’ of Uibes wldcli arc available today arc t oo c\-tensi\'c 
to malic such a procedure cither possil)!c or desirable. Nor is any 
attempt made to dcscrilw the many tubes developed for ultra-high- 
frequency operation, such ns the magnetron and Idystron, since 
this field lias become too extensive to lie adcquafcl)' covered in a 
single book along with the fundamentals of tl\c ))cr[ormance of the 
more conventional types of lubes .suitable for use at the lowci’ 
frequencies. 

Cathode*ray Tubes, llie catJiodc-ray tube normally consists 
of si-v parts contained within an evacuated bulb : (I ) a liot cathode 
for producing the electrons, (2) a grid to control the intensity of 
the beam, (3) a first anode to draw the clcclronfi from the catliode 
into the beam, (4) a second anode to accelerate the clcctroii-s and to 
focus them on to the screen, (5) electrodes or coils to deflect the 
electron beam by means of the cmf or current to be observed, and 
(6) a fluorescent sci'een. The fust four parts constitute whnt is 
often termed an electron gun, since they scr\m to generate and direct 
the stream of electrons that constitutes tiic moving clement of tlic 
oscillograph. The electron gun may also be used in other appli- 
cations such as the orthicon and kineset^e (page 1.54). 

Figure C-1 shows the principal parts of a modern cathode-ray 
tube.' A is the cathode, usually of Uie indirectly lioated type, 
such as was described in Chap. 1. Only tlie end is coaled, since 

' Sec also Fig. C-11 (p. 156) Ehowtng a cula^aiy view of a gun used in oo 
iconoscops. 
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emission from that part of thimble A alone is wspIuI in forming 
the electron beam. 

D IS tlie grid for contnilling llie intensity of the beam. It is 
not made in tlie form of a mesh or screen a.H in the triodc; tube 
hilt IS tt Eoiiii metal sleeve har'ing a cylindrical disk immediately 
in front of the cathode. A .small ujierlute in the center of tins 
disk permits the passage of those electrons which may Iw tniveliiig 
m t he right direction. The potential of the grid is made negative 
with respect to the cathode, and the amount of Ihh negative poten- 
tial determines the number of elcctpon-^ in the lienm and tlicrcforo 
its intensity 


C'/ff/wwi". 



A-Cat/lC^' '{ntu/ofor 

'0«f/«</ing coifs 

Tio 6-1 SWetrh ihouing the (iniicipj) parts «f a ccthode-r.i} tube. 


C la the first anode and js made moderately positive with re- 
spect to the catliode, iho exact poleiilial depending upoii the siaii 
Qf till', tube . It is v<'r>- sitniluT tit the grid in constntetion, iiaving 
one or more small perforated disks in the path of the electron 
stream. The positive potential of this unodc dntws electrons 
through the grid iipcrtiirc info the beam, while the small openings 
m its liisks, knotvn as the masJ,ing apertures, cut off some of the 
peripheral electrons, imicli as the Ktop in a camera cuts off some 
of the light. In fact, the Rtin os n wiiote may be Mialysod as an 
electron optical system by consxlering the electric fields as tliicli 
lenses ' 

Beyond tho second aperture the beam enters the field of the sec- 
ond nnodo D, nWcli is miuntiuned at a potential of from a few 
hundred volts in Binall tubes to several thousand volts in large 
ones The fiekl set up by tlus smoJe, besides providing further 
acceleration, gives a radial velocity to (hn electrons of the henm, 

' Maloff and Kpstcin, Theory of th* r.lectron Guu, f*ro< /KE, 28.p. 13S3, 
Deceraber, ir.34. 
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acting toward tho axis, sucli that, if the axial volocitj- is coi-rcct, 
all electrons will concentrate in a single spot on t.hc liiiorcstieiit 
screen at the end of the lube. The axial vclocit.y is, of course, 
also affected by the potential of the firet anode, so that the S]iot 
may be adjusted to any size at will by 
AMiying iJic itotentinl on anode C. This •• 
makes it unnecessary to vary Uio high- i 
potential soujv:c for foiuising and grojitly 
facilitates control of the spot ou 1-hc seiecn. 

Defleiding coils are shov'M at A’ and I'\ coils ; - 
E deflecting the beam in a horizontal di- . 
rcction while coils act. in a vertical plane. • 

Passage of the current to 1)0 invesljgiitcd ■ 
tbrougli one pair of coils, and a mvoej) or f 
timing current through the other, will pn). ■■ 
cluco an image of the unknown curi’cnt, on | . 
thoscreen. Circuits for proihK.iiig the sweep • 
action aro given in Chap. 0 (page 304). ^ 

Deflection of the ejection .stream may bo 
ncoomplisiiod by cleclrostuth: as well as • 
magnetic moans (Mg. G-2). 'J’no pairs of 
plates aro inserted in the tube at right angles 
to cncli other and so situated (hot the 
oleotron beam must pass through tlic field 
sot up between ouch piiir after leaving the 
second anode. The Ijcain may llion l>c de- 
flected by the application of einfs, the only 
current drawn ijoing tlint due to the 

capacitance betuven the deflecting plates.'' , , 

Electrostatic deflection is usually preferred fjo. 0-2. PholoKmuli 
in small tubes operating at relatively- Itnr “f catlictle-riiy tube 
anode potentials. Large tubes require much Blru'ct u*re niidltMm't.L)!!'!)! 
higher anode voltages whidi materially bciim-dodoctiuK i)lntofl. 
reduce the deflection senslUvity. Porthose ^ 
tubes magnetic deflection is often preferred since the sensiti\'ity 
is then less affected by an increase in anode voltage. Ou the 
other liand magnetic deflection is open to tho objection that, 
positive ions, wiiiidi mov'e more slowly than 1.hc electrons, arc 
not appreciably a!Tc(;lcd by Uic deflecting field nT)d will always 
fall on the centor portion of the screen, tending to damage tlic 
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flaorescent, material and produce a dark spot. Another obiection 
to magnetic deflection is Ihn^ at tlie higher frequencies, it 
difficult t(i secure sufficient field intensity to produce satisfactory 
deflection. 

The .sciisitivily of a tube wiflt electrostatic deflection may be 
improved by insertinjj n condneting ring, known as an irUmaifieT 
elrdroile, oround the inside wall of the tube at a point close to the 
screen, and by applying a hiRh pcitimtiul ln^tivceu this ring uud the 
cathode This permits the use of lower potentials on the first 
and second anodes with resulting imiirowimcnt in sensitivity yet 
provides the high electron velocity required for good intensity by 



Grid, 

lOfUrci’jrff p/ofes 1 
F. OrtffKirttofdis/olaM 
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i /OMtli. 



i ''2nd anode Veriioa! / 


infensf^/eonfrel 


Tro 6-3 Circuit of a salhode-nvy tube sbowing the method of eOBtrolling 
tbs fociu and Ictenalty. 


accderating the electrons after they have been deflected. The 
improi'ement in sensitivity under Uds arrun^-ment is due to the 
lower velocity of the electrons at the time they pass between the 
deflection plates. 

lOlcctrons, after striking the screen, must be returned to the 
cathede, else a negative nhargH would builil up on the screen which 
would stop the beam. In modem tubes this return current is 
provided by secondary cmissirai fnim thii screen which is suffi- 
ciently conducting for this purpose. These secondary electrons 
are attracted to the neanisl nnodc whence they are returned to the 
catiiode liirough the external dreuit. 

The circuit diagram of an dcntrostntically controlled tube and 
its associated circuit is shown in F^. 0-3. The positive side of 
the supply is grounded ratiier flian tlic negative, to keep the screen 
end of the tulic iit ground potentiaL The electrodes of the gun are 
indicated symbolically only, their actual construction being as in 
Fig. B-I. One deflection plate erf each pair ia tied to the common 
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ground tciininal so that caro must bo exercised La avoid sliorfc 
circuits in making external connections. In some l.ulics all four 
plaics are brought out to separate terminals, 1ml, care must tlicn 
be used to avoid criers due to stray fields when neitlicr plate of a 
pair is grounded. 

Oscilloscopes. Cathode-ray tubes are often combined in a sin- 
gle unit with two high-gain amplifiers (one for each pair of plates), 
a suitable sweep ciraiit and a rectifier to supply the required 
direct potentials. Sucli combinations, kno\m ns ounlloscopcs, 
make possible the rei)rodoction of Uic wave shivjic of oiirronts and 
voltages on the screen of tlie tube where they maj' be vio\^'cd or 
photograpbed. Osoilloscopesaro built to reproduce currents liiiving 
frequQUoies as high as several megacycles per socoutl, which means 
that they are also capable of reproducing rather high-speed (ran- 
sionts. A typical circuit is given on page 304. 

As previously stated, tlic intensity of the spot on the screen is 
varied by changing the potential of the control grid while focusing 
is coi’.trolied by adjusting the potential of the fii’st anode. Un- 
fortunately these two controls are not entirely independent of 
each other and, for best results, any change in one must ordinarily 
be accompanied by a small cluinge in the other, ^^^lcn the f,ubo 
is used in an oscilloscope for observing the n’avc shapes of electric 
ouvrenta and potentials, this adjiistntcnt nmy Ijo easily made if 
desired, but for television and other similar uses it is important 
that the focus be independent of any changes in Ijeam intensity. 
Tliis problem may be soh-cd by inserting a Uiirtl anode and main- 
taining the first and third uiiodcs at a fixed potential, securing 
proper focusing by varying tlic potential of the second anode. 
The potential of the third anode is biglicr Uiuu timt of the other 
electrodes so that the potential of the second anode may be made 
low enough to permit satisfacloiy control of the beam intensit.y 
by a potentiometer. Such an arrangement permits the first anode 
to function in much the same manner as the screen grid in a jien- 
tode, prGveni.ing changes in the field set up by the second anode 
from affecting the field around the grid. 

Different types of screen material are available, some having a 
short persistence, such ns miglit be needed in television \s'hero one 
picture must be replaced \vitli anot^icr every thirtieth of a second, 
:vhile others have a rdativcly long persistence, tliercby aiding in 
the reoroduction of transient phenomena. With a long-pevsistcnce 
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anropn tlic truce of the tran^nt n-ill remain o:i t)io screen for an 
appreciahlc pcriwl of lime permitting visual inspection or plioto- 
praphmg. For mc«t iahornteny use ainc orthO'ilicate is used, 
giviiiK ii ycIlow-grcen color lowhich the eye is particularly sensitive 
tuid havmR il moderately long persisttmee Television tubes have 
a nhito screen nith modcmfcly slioil persistence nhilc very short 
pcitiistentc scieens are commonly' bluish iti appearance. 

Electron-ray Tube. /\n interesting variation of the ciithodc-rry 
principle h foutui in the elentroii-ray lube tliOMU in a cutaway 
viou in Fig. lj-4 The tube cwisiats of two parts; a tnodc unit 



and a ftuorescenL target inotinted verlicnlly ubove (ho tiiyJe per- 
tinn I'ilectrons from that portion of the cathoile within the bowl 
of ttic target are attracted to the bowl and caii>e fluorescence ju'st 
as in the calhodc-nvy tube The extent of Uro fluoriiseeniHi, how- 
ever, m.iy be controlled by placmg a third clcctioda lietveen the 
catlKxle and target In Fig. C-4 this ray-control electrode is seen 
ns a project uig pill just to lliis right of the upper cathode nncl welded 
to u pnijr-eiion of tiie plate of the tnode unit 
The electron-iay lube is u«ed as an indicator, e.y., to indicate 
balance in a SYlirntstinn: bridge or resonance in a radio roceivor. 
A fiuitiitile circuit is shown in Fig 0-5 where tho control voltage is 
nnj' {-uilable d-c goiircc, such as tin* aHlmnatie-vohiinG-eontrol 
circuit of u radio ineoivnr (ace page 5S7). The gnd of the tnode 
unit is connected to the umtrol voltage, so that as this voltage 
becomes more negative tlie plute ciirnmt of the tnode unit will 
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di 3 crease. Tliis viH decrease the negatira voltage between the 
ray-contvol electrode and tlic target, which will, in turn, decronse 
the shaded aiea. The amount of sliadcd area is, Iherefovc, an 
indicaf.ion of llie magnitude of the d-c voltitgc. Tlie. shaded areas 
of Fig. G-fi show the relative illumination for two different ray- 
oonlrol-olecti-ofle polenUals, the potential 1>cing moasiiial between 
this electrode and the taiget. 



y Fluorescent area^ 

@ 

Zere grit! bins on McRsLive grid Ijin.s 
triodc section on triodc seclinii 

Pio. G-fi. IlItisLrntiiig Ihi: (rlningc in fliiorcsncnt urea of Uic oleotron-vay 
lube as tliB potential of tlie niy*noitlrolling electrode in vnricfi relutive to 
timt of the fluorescent screen. 

•y Electron Multiplier. Thooleclron nuilliplinr is a device iti whiuli 
the phenomenon of secondai^' emission is utilised to produce tun- 
plification of small allornafcing emfs. liigtirc 0-7 show.s the prin- 
ciple of operation, lilcctrons, emitted from u cathode (iisiially 
photoemissive), arc attracted to a higher potential eleot.rodo Pi. 
Each of t.ho.'fc electrons upon sinking the surface knocks off several 
other el(!Cl.rons whidi su-e then drawn to an clcetrode of still higher 
potcntinl Pj, This procos-s may be repeated several times, tiius 
re.sulliiig in a gioat53' increased currant flow to the last electrode 
Po. If each ini]dnging electron knocks off N secondary electrons 
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tirid tiiere are n miiltiplicntions or stages, the final current n-jll Le 
2V’'‘ times ns large as the original cathode emission. 

The electron multiplier of Fig. G-7 
is actually mopcrnblo, since electrons 
from tlie cathode tend to flow directly 
to Pt, tlie plate (if highest potential, 
and virtually no multiplication results, 
It is, tlwrefopc, n(5ccsj(ary to provide 
a means of focusing the emitted 
electrons on the desired plate. One 
method of so doing is to provide a 
combmatioo of electric and magnetic 
fielda at right angles to each other, 
thus causing the electrons to travel in 
curved paths. 

Figure C'8 shows a tube utilising this method of focusing.* 
hilectrmis eirutteil from the photocatliode K arc attracted toward 
the directing electrode i>t. A. magnetic field Is provided at right 



F'ta G 8 Ovnerol metlioH of etippbnng the proper poientijits lc the sevMat 
nnndeB ef »n electron niuSlij>lier « itL nisenetio /oouaing A magoetie field 
19 sot up normal to the plane of thepajiie 

angles to the a-Ms of the tube, causing llin clcutmns to follow a 
curved ]>iiLh and thus strike the plate Pi. Secondary' electrons 
from this plate are similarly directed to plate P* by the combined 

2woryt*n,G-A MortOQ, and t. MsiUw,Tlv« 8e;jondary KnviBsiou 
Mjltiplier- A Pfew Elcctrome I>«svjcc, Pne. THE, 24, p 351, March, 1936 




FiiJ €-7 IllusUatiuc the 
priacjpis of operation o( the 
fleciton multiplier. 
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action of the electric field between Pi and Di and of tiio magnetic 
field. Since these tulxs are used to amplify only very small init.ial 
emission currente, the current flowing to any electrode is small and 
the electrode voltages are easily supplied by a voltage divider 
as shown. The directing electrodes Dt, D-. . . are connected in- 
ternally to the corresponding plates P| , Pj • • • as indicated by tlie 
dotted lines. 

It is also possible to feexis the electrons by purely cleclxostatic 
means, Uius making unnecessarj'' the application of an c.'cternnl 
field. The reader is referred to the literature for further details.* 

Electron multipliers have proved useful in television where they 
have been used to amplify llie low output of television pickup 
tubes and have oven been incorporated into swell tubes (see nc-vt 
section). They have also been used in-tlie detection of light of 
very low intensity in such applications ns astronomical photometry* 
and Raman spectrography.’ 

Special Tubes Used for Television.-* For television purposes, 
n number of special tubes have been developed, among them Iho 
kinescope, tlie iconoscope, and the electron multiplier. 

TIio kinescope (Fig. 6-fl) is tho lube used for reproducing the 
television image at the receiver.* Essentially' it is a cntlioclc-ray 
tube in which the incoming signal is impressed on tlio grid that 

* V. K. Zworykin niul K.A.ltajelinifln.Thc ISlcctrosUtio Blccd on MuUU 
plior, Proe IRE, 27, p. SS8, September, 1939; 1>. MiiUcr, The Br.hai'iour of 
ElooLi'oHt.iiiic Kleclron Multipliers ns a Function of Frctiucticy, Proe. IRIi, 
29, p. S87, November, 1941. 

* G. E. Korn, ApiiHcnlinn of the Mu!U|ilior I‘liolotui>o to ABtronomiciil 
Photoelectric Pliotonietry, A*/rop/ij/s. 103, p. 30G, May, 1940. 

‘ D. H. Rank anil R. V. Wicgniid, A Photoelectric Ilftinim SpcclroRraph 
for Quantitative Analysis, J. Optical Soc. Am., 3C, p. 325, June, 1!)10. 

* It is not within thc8eoj>cof this book to prcscnl more t lmti n few sciicriil 
staleraenta concoriiinB tltcsc very spccieluuxl tulics. For furllier dolnils 
the reader is rcfciroJ to boohs on television such na Donnld G. Fink, '‘Prin- 
ciples of Television EngHwering,’' McGrnw-Hiii Rook Company, Tnc., 
New York, 1940. 

* For further mformation see V. K. Zw'orykiu, Description of an Ex)3Pri- 
mcntnl Television System and the Kincsco|ic, Proe. IRE, 21, p. 1055, De- 
cember, 1933; Iconoscopes and Kinescopes in TolcviBioii, RCA Rev., i, 
p. 60, July, 1936; R. R. Law, High Current Electron Gun for Projection 
Kinescopes, Proa. /KE, 25, p, 954, Augosl, 1937:1. G. Mnloff, Direct-viewing 
Type Cathode-ray Tube for Large Television Images, RCA Ra'., 2, p, 289, 
January, 1038. 
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controls the intensity of Uio iJectTon stream and thus varies the 
intensity oJ the light on the yncwiiis acieeti- The point oE the 
screen on v. hieh the electron alicata is focused at any given instant 
of time 1 # contioHcd citlici rlantTostaticaUy as in most cathode-ray 
tuheaor, as seems preferable, magnotlenlly by suitable cuils located 



Pro B 9 q Kinescopeu^eUiutlieTeproduclionoft^cvisioasignal'i {RCA.) 

just outside the tube envelope. The euirciit passing through Uiti 
defiectir^ coil.'? is varieil in such » manner as to coi'or the entire 
picture arcs thirty times poi second, a process kooivn as acanning.^ 
The icotio‘!cope (Fig. tV-10) is the pickup tube for telension trans- 

' Ther? arc a Duniijci- of publisliuil papers dercribioir met hods of seaiiiiiiiij 
I'or enawple, see V K Zworylin, TeJeviaiOfi, J’, FranHin Intt , 217, ji. 1, 
January. 11134; 11 D KetJ. A V. BeaforU, aud At, A. Trainer, Seuiining 
E-equenceand Repelition Rate of Telewsion Im-iges, Proc fR£, 2 ».p £S0, 
April, 193C. 
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mission.^ As in the cathode-mj' tulje, a Riin (Fig. 6-11) projects 
an electron stream whicli is deflated bj’ electi-ostiilic or clectro- 



Kii:. 6-96. A 10-iiu liincscopc. {RCA.) 


magnetic means (usually tlie latter). Hon'cvei', instead of ha^’iTlg 
a fluorescent screen on the end of the tube, a pliotoelcctric siiiifice 

‘ For further informiitionsecV.K. Zworykin, The Iconoscope: AMoiicrn 
Version of tlic Eleewie Eye, Proe. THE, 22, p. 1ft, .Innunry, 19.34; R. B. 
Janos and W. H. Hickok, licccnl Improvements in the Design mid Ciinr- 
aoteristics of the IconoBoopc, Proc. IRE, 27, p. 685, .Sepfcnibor, 1930; 
Harley luffls, G. A. Morton, and V. K. KwoiyHii, The Image Tconoscojie, 
Proc. IRE, 27, p. 541, September, 1939. 
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or target 15 TT» 01111 LetJ in Die large part erf the bulb onwhieh is focused 
the scene or picture to be Iransiniltcd. This photoelectric surface 
IS made up of a large number of minule photoelectric cells each of 
which constitutes one plate of a condenser. The back of the target 
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15 faced with a metal plate tvhidi tjcnes us the other plate of the 
condensers. 

Figure 0-12 itlustrates the npeintioii of a veiy small section of the 
surface. Light striking each cdlcaus^ emission and thus produces 
a clmrgc prtiportioaal to the intensity of the impinging light. The 
electron beam is swept or scanned over Uib surinvin irf the target, 
and uhen it falls on a given txrfl, the electrons of the beam discharge 
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the condenser, allow'ing a ourreat to flow tlirough the resistor R 
which is proportional to the intensity of the light striking the por- 
tion of the target being scanned. Tlie voltage thus iMorhiced 
across the rc-sistor is dicn amplified and sent out over the (chn'ision 
transnritter. 

The oi'thican represents an improTCradnt in pickup tubc.s.' I he 
picture to be Iransinitterl is foensed on a scinitransparent photo- 
cathode and electrons are waittefi from the opjrositc side. Jhe 
charges l.hus built up are scanned by a low-^'elocity beam to nx'oid 


r-Phofoem/ssiW surface 
u/ — InsuloHon 




'Steefron t 
gun Cross seeilon 1 

of a very small I 
area of screen w 




Fio, 6-12. Illualrftlingtl>e operation ot a wimllticction of t.lio surface of nt» 
iconoscope. 


the secondary emission which causes reduced piotui'e quality at 
low light levels in the iconoscope. A magnetic field is ariried wit h 
flux lines pamliel to the nxis of llie tube to pi'evenl. t)io eloctitm 
scanning beam from spreading out, ns it would otlicrwiso do at 
the low velocities used. 

A moi'e recent development in pickup tjibcs is the image orllii- 
con,= Fig. 0-13, which difleis from the ortbicon in tlueo i-csin'cts ; 
(1) the charge pattern on tho taigct is foi-mcd by secondary emis- 
sion rather than by pholoemission, (2) a two-.sid{Kl target, is used, 
and (3) an electron multipUer is incorporated into the tube, h 
semitransparent photocalhode is used, as in tlic orthicoii, hut, the 
electrons emitted from this surface ai-o alfcmctod to nnother plate 

■ Albert Rose iindHiirlcy lamfi, Tho Orthicoii, ATulcvision Pickup Tube, 
RCA Rev., i, p, 180, October, 1939; The Orthicoii, Elcdroiuc.i 12 p IJ 
July, 1930. ■ ' 

* Albert llosi;, Paul K. Weimer, Ilarold Ijaw, Tlio Imnfio Orlliicoii— A 
Sensitive Television Pickup Tube, Proc. IRE, 3i, p. -124, July, 104(1. 
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wliicli Em-cs as the tai^t (see Tig. C-14). Here they produce 
sccondarj- rmitision an<l, as the mimbet oi secondary ekclrons 
exceeds the number of electrons noiniitg fcoiu the photocatliodc, 
^ a posith'c-chfltge pattern ia formed on the 
' faitcet. The low-vcIocity scaiiring benm 
btrikcs tlio opposite side of the target 
where annmber of cJTOtnwisis nhsorhed friira 
the l>paiu ia proportion to the charge on the 
, portion of the target being scanned TJie 
icmuining eJeclrous m the beam oro re- 
> fleeted b;ick tmrard the cathode where they 
t are focused ningnotii-nlly on tlw Mirtuce of 
I the electron gun.. The secondary emission 
; piorJiiccd hy impact of those electrons 
i eoiibliloleH llio first stage of ubat is usually 
■ nlioiit a five*stage electron multiplier The 
I output of this inuUiplisr is then upplied to 
I the usual v ideo ampUfiera. 

J The three tjTics of television pickup 
' tiiiics — iconoscope, orthicon, and image 

j otfhicon- represent increasing degrees of 
' sensitivity Thus the iccmofinopn is capabla 
i of producing satisfactoty pictures 

J when Ihe liglit level is relatively high, t.ho 
1 orthicon extends the range into medium light 
j levels, whereas the image orthicon extemls 
the r.ange into lower light hivehs hy a factor 
’ of approuraately 100 over the orthicon 
! X-ray Tubes.* Atlioii t; Ingh-spectl eluotrnn 

’ follule.", with a body, some of the electrons 
i ^ J nliiidi I'cinstitulcthatbodyare.setintornpid, 

j ii. u-u vibratory motion. li the impact is suf- 

ficiently severe, ttie disturbed electrons 
will scud <s(\ very Uigb f*eqvicn«yradia\.w>nsliwycfn n.*. Kvcnljirn ruya 
or A' Toys. I’Jicsc Tstyt, liave the property of penetration to 
‘ Tlitro liivu biTii .1 numlier ftf enKtneenUK applications of X rB>s, e g , 
In impnctioii of ntrfl ca«lint!S, hot tbcstuily nf X r.ays is nevert licinsa more 
••Iosi.'ly relalptl In tKi- field* of physics and medicine lhau to engineering, 
‘Lereforo, i,n(_v a very brief diseussion of X-roy tubes i« includoci here 
Por o gcnpr.il cli3i.u»,iut, of various l3T>®s of X-rny tuf>es nrid some of tlipir 
apiilications gee Zcil S Dveiga anti A)ipiitfiVioa of X-iay Tubes, 

irfecfronies. IS. p, 20, October, ISM 
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a very high degroR aiwl are used, among other things, for making 
observations throiigii solids. Examples of simh use are found 
in medical and dental work where diseased or broken part.s of 
the liuman body may be observ'cd and treated and also in in- 
dustrial applications wlierc castings and metallic joints are ex- 
amined for flaws, foreign metallic bodies arc detected in foods, 
shoes are fitted to feet, etc. 


Acseleraior^ Dccdcraior 
^rid No.$ \ gn'd No.5 
Phafoeafftod^^ \ Target-, 




M and verffca! o’l 


/ ^letf'ongun 


Ime^e Sconning Ml 

icelion scefion it 

7ia. C-14. Structural details af ■inat'c orthioon. 



Fig. G-15. Coolidgo X-ray tube. 


A sltotch of a simple X-ray tube is shown in Fig. G-15 in A'diicli 
P is the anode target, ati«l JT is a hot cathode, contained in « highly 
evacuated vessel. The metallic ring F around the cathode is a 
focusing shield designed to focus the electron stream on (In? anode. 
The face of the anode is inclined at an angle in order to throw the 
X-ray radiation out the side of the glass bulb. To operate the 
tube, the cathode is heated as in any liot-cathodc ^’’acullm tube, 
iind a potential of a few himdi'cd thousand \ip to soveral million 
volts, dependijig upon llic size of tlie tube and the nature of the 
work that it is to perform, is applied between the anode and 
cathode. The intensity of the X-ray radiations is controlled by 
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(ho niimbfr of ili'L-lroQB striking tho anode target, which in turn 
is a function of (ho temperatuTR of tho catltotio. Xlic plate poten- 
tial may Ijo varied to control tlie frequency of (he radiations. 

X-ray tubes are built in sizes mnging fnim those which may be 
held in the hand to those which must be built in eectioiis because 
of their great length. The latter are used in radiotherapy work 
and in experimental physics The smaller s5k-s ure used in dental 
and medical work whcio visual iD^iection of the body is desired, 
and in similar inspection of manufactured articles. 
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INTRODUCTION TO PART II 

As exjilained in the IntroihicUon to Part I and in the prefaeo 
to the second edition. Uie piinjosc of Part II is to proseiit basic 
applic-atioiis and eirctiils for vacuum tubas. Clmptcrs 7 and S 
contain matcriai of primal^' inlciiast to the power engineer, where 
the term poim engineer is intended (o include .nil elccli'iciil en- 
gineers not specifically inteiested in communication work. Chap- 
ters 9 to M are of primary interest to the communication eiigiiiccf. 
It should not be inferied fmu tliis statement, however, lliat none 
of the material in these six chapters is of any interest to the power 
engineer or that that in the first two Is of no interest to com- 
munication engineers. On the contrary, many applicatioii.s in the 
power field, for example, require the use of vacunm-tulio ampli- 
fiers and e^’on of oscillators and modnlatora, wlicroas jnetifiens 
are used cxtensi\’cly in supjrlying <l-c power to \-ncuum tubes used 
in communication circuits. The arningcmctjt of the material, 
however, permits those intcreslcrl in power and industrin! appli- 
cations to dc\’ote the major portion of tiicir time to Chnp.s. 7 and 
8, wlicreas those interested in commnnication work may omit 
Ch.'ip. 8 entirely and include only as much of Chap. 7 as seems 
desirable. 
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CHAPTER 7 


RECTIFIEXS 

A chaTacteriatic of the vocuttm. tube of prime interest and value 
to the po;'er, or industrial, engineer is its rectifying property, i e., 
its ability to convert ahemftttng c urrent to direc t current This 
property is inliercnt in a vacuum lube because of its ability to pass 
electrons from cathode to nnodc but not in the reverse direction. 

An ideal rectifier is one tliat presents zero impedancD to the 
flow of current m one direction and infinite impedance in the 
opposite direction. Such a rectifier Is equivalent to a switch, 
closed when ono polarity of cmf is applied and open under the 
reverse polanty. In this respect the vacmim tube is not ideal, 
but the impedance of a ^filled rectifier tube h extremely low 
while conducting and virtually infinite during the negath'o half 
cycle Thus gas-lillcd tubes are a reasonably clo.«c approximation 
to a closed switch under positive polarity (plate to cathode) and a 
virtual equivalent of an open switch under negative polarity. 
High-vacuum tubes fall much shorter of the ideal conditions 
under positive polarity and are, therefore, not widely used as 
rectifiers except where the current (and, therefore, the tube drop) 
is low Tlie principal application of high-vacuum tube rectifiers 
IS in radio receivers where the load current is so low thot the drop 
in modem high-vacuum tubes is little if any more than in the cor- 
responding gas-filled tubes- 

Single-phase, Half-wave Rectifier. The simplest rectifier cir- 
cuit for use with vacniim tubes is the singlo-phnso, Iialf-wave 
circuit of Fig 7-1. Winding I on the secondary of the trans- 
former bupphes the alternating current that is to be rectified, the 
potential of this winding being such as to produce the desired direct 
potential at the output. The filament of the rectifier tube is 
Roramonly heated by a separate secondary winding 2, The d-c 
output is then taken off between the filament of the tube and the 
other side of winding 1 as sliomu 

The current flow through this type of rectifier when supplying 

m 



Chap. TJ SINGLB-PHASB, FULL-WAVE KECTIFlER 


165 


a resistance load is shown in Pig. 7-2. It is seen to be unidirec- 
tional but pulsating. During the liulf cycle of positive plate 
potential, current flows in an amount determined by the inslan- 
tniieous alternating voltage of winding 1, the resistance of the 
load, and the droj) in the tube. As the tlilre drop is nsiinlly low 
compared :ritli the \'oltage across the loud, tlie current pulses arc, 
for ail practical purposes, half sine waves when a sine wave of 
emf is impressed. Tire current flow is, of course, zero during the 
negative half cycle. 



Fro. 7-l.^C5rfujl of n singlc-plmsc, liaJf-WBvt' reclifior. 



Fio. 7-2.— Wave sliape of the curreot flowing in Uioouiiniteiromt of Fig. 7-1 
witli ruaisUve load. 

The circuit of Fig. 7-1 Is seldom used in practice cxcepl. wiiero a 
potential is required with little or no current flo\v (ns for grid 
bias on vacuum tubes, pn^ 422). Suoli extreme variations in the 
output current, as indicated in Fig. 7-2, are generally objoetionablc, 
These may be smoothed out by the use of filters (see imge J82), 
but the cost of filtering the output of this circuit is e^•cos.si^'e if 
more than a few miliiamperes of load current arc to bo drawn. 

Anotlier objection to the use of this circuit is the tendency of tlio 
transformer core to saturate. Inspcctiou of Fig. 7-2 shows tiiat 
the ampere turns in vs'inding I of tlie transformer of Fig. 7-1 ^\-ill 
set up flux in the core in one direction only and so tend to cause 
operation of the transfoi-mer above the knee of tiie saturation curve. 
Transfonner design for such service musk be unusually lil)eral, 
else the charging current and therefore the losses As’iil be excessive. 

Single-phase, Full-wave Rectifier. The most common rectifier 
circuit for use with single-phase supply is Uic full wave (Fig. 7-3). 
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Two tubes arc used to rectify both haU'cs of a. stnRle-phasc supply, 
hi) that one tube pas=e3 current throu^iout one half cycle of th« 
supply nbilc the other pa^es cur- 
rent throughout the nest. 'I'lvis 
pracRSfi is repeated -dutii^ each 
successH'e cycle, producing an 
output cumnit (•.Mtli resistive 
limd) liavtiig the vfave shape 
shoM-n in Fig. 7-4. For direct 
voltages under 51)0 both tulies are 
a WDi-le-phase, usiialiy incorpomtocl in a single 
bulb such as the 80, Fig 3-7, or 
the 5Z4, Fig 7-5, using the circuit <if Fig. 7-1) 

The pa-iitivo (nitput fciminal in Figs 7-3 and 7-0 is supplied 
from a mid-tap on the filament winding of llic truntiformer, tvlieiuas 
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(n Fig. 7-1 it ivas supplied from oue side, of the filament. In most 
cases then? is little to choose between the two connections. The 
method of Fig. 7-1 does introduce an additionnl ivUcmrvling voltage, 
in the out[)ii t, «’riual to half the voltage of the filament winding, but 
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compared to the other alternating voltages resulting from the 
rectifying action its clTcct is negligible.' Wiero tvil) 0 s ^'’itli in- 
directly heated cathodes are used, the connection is made to tiic 
cathode. 

The two principal objections to the use of Uic single-phase, half- 
wa\'e i-cctifier of Fig. 7-1 are largely avoided in llic fiill-w.ivc ree- 
tifiers of Figs. 7-3 and 7-0. The current., tliough pulsating, drops 
to zero for only an instant at the end of each half cycle. Secondly, 
d-c saturation of the transformer core is entirely eliminated, pro- 
r’ided tlie two hal\-e.s of the transformer produec equal voltages 
and the tuiios have idcntic.al dwraoteristics. Tiic current in each 
tube will timn produce eqii.al ampere turns during altortmlc half 
cycles, that of one tube setting up flux in one direction and that of 
tlie second tnho sotting up fins in the reverse direction around the 



transformer core. Tlius a true alternating flux U'ill ((.xist in live 
tmnsfoi-mer. 

Single-phase, Bridge Rectifier. Occasiojwlly a bridge circuit 
(Fig. 7-7) is used. Four tubes are connected in a diamond with 
only a single secondary winding. J.)uring the half cycle that the 
left terminal of the secondaiy winding is positive, cun'ciit flows 
through tube 2, through the d-c load eirouit, .and back Ihrougli 
tube 4 to the right tenninal of tiie secondary. It will Ijc ol)soivc(l 
that the plates of lubes 1 and 3 arc negative udth lespoct to I, heir 
cathode.? and cannot, therefore, pass current. During the next 
half cycle the right terminal of tlie secondary will be positive, and 
current will flow from Uiere tljrougli tube .3, then through Iho' load 

' See Tabic 7-1, p. 1»5, for the maguiiudcs of the iiUcraating volUiaca 
appearing in tliu output of a recUQcr using various ooimcctions 
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circuit m the efirao direuUon as before, through tube 1, and back 
to the secondary \rind3ng. Tubes 2 nnd 1 are now inoperative 
owing to their plates bemg more negative than their cathodes. 

The chief advantages of thi.i einatil over that of Fig 7-3 are 
that (1) liigher voltages may be rectified owing to the use of two 
tubes in series and (2) the transfonnor secondary winding requires 
but half as many tnms. Tlic principal disailvuntuges arc (1) 
liighor cost duo to the need for three filament mndings and four 
tubes as ngiiiast tiie ime winding and two tubes of Fig. 7-3 and (2) 
poorer voltage regulation, especially at low output voltagna, reaiilt- 
ijig froin the use of two rectifier tubes in series. The higher cost 
unfier (I ) uhovc is Kiwiicwhal olT6«t by the decreased cost of tlia 
po^re^ transformer. In low-voltage, low-power rectifiers this latter 
saving is clraost negligible, ao that the bridge circuit is seldom used 
in iiny but iiigh-volfage rectifinra. Tbi» use of gos-fillcd tubes in 
this circuit is especially desirable, since their low internal drop 
results in reasonably good voltage regulation even with tivo tubes 
in series, if the output voltage is not too low. 

Polyphase Rectifier Circuits. A tiiree>phaso poiver supply is 
always used for higher power reolitiers tu increase the eiEciienoy, 
decrease the alternating components in the output, and utilize the 
vacuum tubes more effectively. Some of the more common poly- 
phase (lircuits lire 61101171 in Figs. 7-S, 7-10, 7-I1, 7-13, and 7-16. 
In these figures ail transformer wimlings that are drawn parallel 
to one auother represent wiuJiu^ on the aume IrauBfurmer and 
fhcnTorc associated with a given phase. la Fig, 7-11, for example, 
there are one primary winding and two secondary windings per 
tiansformer or pha.se. TIiij tube Pilarnents are generally suppitcil 
by ft separate transformer which may be energized from any one 
of the three phases. The secondary of the filainnnt transformer 
must iioiinally bo in.siilatci] from its prim.irj’ for the full output 
vnitngc nf the rectifier, since it is commonly connected directly to 
the positive termiual of the rectifier, whereas the negative terminal 
is grounded. In high-voltage rectifiera a specially designed trans- 
former, or transformers, are therefore required. 

Three-phase, Half-wave Rectifier. Tlie simplest poisqjbase 
rectifier circuit is that of the three-phase, half-wave rectifier (Fig. 
7-8), the operation of whi^ iaa.y Iwst be. st.udicd witli the aid of 
Fig. 7-9. The sine waves in this latter figure represent the voltages 
existing between the outer of each of the three sccoadftty 
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windings and the grounded center point of the Y of Fig. 7-S. In- 
spection of Fig. 7-S reveals Uiafc the center point of the Y is also 
the negative d-c terminal, wlicrcas tire outer terminal of each 
seooiidai 7 winding is connected to the plate of n tube. 'I’lierefore, 




output vol/egf 


the horizontal line oo of Fig. 7-9 represents the potential of the 
negative d-c terminal (tliis being the refcience potential), and the 
sine waves 1, 2, and 3 coch icprcsciit Uic potential of tlic plate of 
one of the tubes. 

The cathode potential of each 
tube may now bo determined, if 
the tube drop is nejcctcd.’ With „ 
negligible tube drop it is obvious ^ /|\^ 
that the plate potential of each 
tube can ncA'cr bo more positive 
tiian ite cathode, since sucli differ- 
ence in potential wo\ild constitute 
tube drop. On the other hand, k—— One{yc/€-- 
theplalcofany tuberaaybemore Fig. 7 - 9 .— Illuairiiiinn t.bc opent- 
Ticgutive than its cathode, since •'i*® '■''■'‘uii of Fig. 7-s wit.h 

* -11 a -*i *• resistive loud, 

no current will flow with negative 

plate voltage. F'^Arthermore, it may be seen from Fig. 7-8 that t.hc 
cathode potential of nil three lubes must be the same, since they 
are all tied together. TJiereforc, tlie cathode potential of all three 


‘ In most well-desiBoetl rectifiers this drop is only a very small pci - 
cnntngc of the direct output voltage, and soro tube drop may therefore 
he assumed without appreciable error. Methods are presented later for 
correcting for iliis drop in the design of rcctificre. 
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tubes at any instant must l>n equal to that of the most positive 
anode and must folloiv the upper envelope of Fig. 7-9, indicated 
[jy tlie solid line abede. ... If this potrotial followed any of the 
Other curves slifiu n, one of the anodes would be more positive tliao 
its c.-ithocle, an impossibility under the assumption nf no tube drop. 
It further folloiva that hibc 1, aud oidy tube 1, will conduot during "1 
the intcivnl <i!», eiuce its cathode and anode are at the same poten- S 
tial, wlicreas the anodes of the other two tulics are. unite negative-' 
than their cathotlcs 

At time £> the volLige of sectwidaiy winding 2 will just equal that 
of winding 1, and both tubes I ami 2 will tend to jiu-ss current 
An instant later, however, the voltage of winding 2 will exceed 
that of 1, and tube 1 will have a negntiTC voltage applied between 
plate rnd cathode. It will tlicii vea.M! to co!idiiid>, and I iibe 2 ivill 
pajw current until time h Similarly tube 3 \vill pass current from 
time ti to d, while tubes 1 and 2 are inactive. '’J’ho process will 
repeat itself during each ensuing cycle witii the conducting period 
of cacii tube as indicated. The circviit acts very much as a com- 
mutator, snitching the load current from ore secondary wintiing 
to the next every third of a i^’cle 

The instantaneous output voltage is evidently given by the dis- 
taiico lintween the upper envelope and the line oo. This follov.s 
immcdi.stely, since the two output terminals me connected directly 
to the cathodes of the tnbes and to the center point of the Y, re- 
spectively. Evidently the output voltage pulsates beliieeu a 
masinium and a minimum three times per cycle, and if the load is 
resistive the riirrcnt « ill piilwife in the same manner.^ ISviilently, 
hosiever, the magnitude these pulsations is less than for the 
singln-phnse, full-wave rectifier, since the current never goes to 

The circuit of Fig, 7-8 has the very apparent disadvantage of a 
residual d-c fliix in tlie core of eacli transformer as in the circuit of 
Fig- 7-1. This may be avoided by using this distriliutcd-V circuit 
of Fig. 7-10, which operates In all ways exactly as does that of Fig. 
7-8, although each wiccaidaTy has two windings supplying voltage 
to two different tubes The d-c comjifineiiLs in each ^vfndmg of a 
given transforincr are ttoiving in opposite directions so that the 

• In thr first Rfventcgn pages of Ibis chapter the term load will be cod- 
strued to iiieliirie any fillers used. E/vidently, then, a resistive load iiieaDs 
no fiitering, sinvu filters arc made up of condensers and inductances. 
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residual d-c flux is zero. Iliis may permit a clica])er design of 
transformer, even lliougli the total number of turns required to 
produce the same direct voltage is greater than for the circuit of 
Fig. 7-8. 

Three-phase, Full-wave Rectifier. Tl»c fuH-wavc circuit of Fig. 
7-11 uses tlie same type of power- transformer ns that, of Fig. 7-10, 
but all six secondary windings have one tci-minal connected to the 



Fio. 7-10.— Circuit of Hit- <listril>ulc<l.Y type of thrco-plmBO, Imlf-wavo 
rectifier, 



Fio. 7-31. — Circuit of thrcR-phnso, fall-wiivo nsclificr, (Somclimca ctillcii 
!i six-phnso ruclifiiir.) 

centei- point of the Y, and each supplies voltage to a separate tube. 
Very little gain is realized in using this circuit over that of the 
IhrcG-pliaRG distributed Y (Fig. 7-10) e.vccpt in tho lower rijjple 
obtained, since each tube must still pass the full direct ciin-ent 
duiiiig its conducting period of one-sixth of a cycle, and the direct 
voltage, wii,h given transformeis, will bo lower. The curve of out- 
put voltage is rIiowii by Uic heavy lino in Fig. 7-1 2, 1,Iic conduction 
period of each tube being indicated. 
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If the secondary wintlinj?* of the fiili-M-ave circuit are split into 
tivo three-phapc, liuJf-wave rectifiers and the mid-points of the 
two Y’s nre connected togctlMjr through a niid-t.ipped inductance 
or feafarece eotl (algo IciiQwii as inierphast reactor). Fig. 7-13, each 
liibn will conduct currert foro«e-/Atrrf of a cycle iind wiU, therefore, 
for a gu'en load, have a peak curriiiit only half as great as retjiiircd 
in the polyphase cimiite diatoEsed tVms fat. 'IVic pfiesence oi \iiif 


tO-Coufpv! 



Fro 7-12 — lllustratidg (heopersUonof thecircuit of FiK. 7*11 with retittire 
load 



balance coil haa the effect of maldng each of tlie two Y’a act as a 
separate rectifier by absorbinK the instantaneous diffeTence in volt- 
age between the two, thus caii.sing eacii tube to carry current as 
thoiigh operating in the thiee^hase, half-wave circuit of Fig. 7-8. 

The currents and voltages are ahown in Fig. 7-14. In this figure 
the upper (solid) envelope of (o) mid (ft) ogaiii represent the poten- 
tial nf the Liithodes of all tubes, and the sine waves 1, 2 ... C repre- 
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sent the potentials of each of the six anodes but with rcjci'cnce ia 
the center point of the particular Y with which the iiibc is nssociated, 
not with icfci-ence to the negative d-c terminal. Therefore, the 
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Fig. T-M. — lIlustratinR the operation of tlie circuit of Fig. 7-13 
resistive load. 




line 00 in (a) represents a dilTcitait r^ercncc potential from tlie one 
represented by oo in (6), the former representing that of point N 
(Pig. 7-13), wlierea.s the latter represenU that of N'. If the 
negative d-c terminal were used as reference, the potential of the 
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center pomta N nnd N' i»f the two Y's ivould be found to vary up 
iind down, above and below this reference potential, by the drop 
across each half of the balance e«il, the center point of one Y licinR 
as much nborc the potential erf the d-c ternunal as that of the other 
was beloAv. Tlie anodes of tubes I and <> arc, ns a result of this 
action, more positive than the negative d-c terminal by exaclly ifje 
same amount during the interval hU, the voltage of the balance coil 
j adding to the voltage of transformer wimliug 1 iind Siibtriicling 
from that of 0 during the first half of this period and performing the 
reverse function dutlng the sccotmI luilf to provulc the same total 
voltage on the anode of each tul«. Similarly, tlie anodes of tubes 
1 and 2 are equally positive during the lotervaJ Uti, etc , and it is 
r)uiln evident from Uic figure that each tube conducts for one third 
cj’de, covering two pulses of the total output current (Fig 7*14<, 
which is the current fidwing with resistance load anil negligible tube 
drop). 

In (j) of Fig. 7-14 the voltage curves of (a) and (b) are repro- 
duced ae u and b, Eupccituposed one on the other. The diffetcnce 
betiveen these two curves i.s at every instant eciiial to the differ- 
nneo in the vult/iges of llic loft-liiuMi und right-hand rcetifierH, 
which IS the voltage across the balance coil Since the output le 
taken from a midtap on this coil, the output voltage must follow 
a curve which is the instantaneous ai-eragc of ciin'es rz and b, 
as curve c It is also evident from tliese curves tbatithe voltage 
across the balance ccil is fur from stnuMihlnl, wilit u lieuh voltage 
equal to the tlifTetcncc between the roaximum. and mirumum 
viiltagr-B of iitirves a nml h. 

Three-phase Bridge Rectifier. Tlie Lhi-ev-pliabe, tlpublu-Y cir- 
cnit of Fig 7-13 permits two three-phase, half-wave rectifiers to 
operate in parallel. Two half-wave njctificni nmy also be operated 
in scries ns indic.atcd in Fig. 7-15a, where the filament supply and 
the primary wiiiduigs of the poiver-mipply tran.sforrners'arc omitteil 
for simplicity The voltage and poorer output of such a combina- 
tion are double that nf a shuthi rectifier, but the. eucrent capacity 
is the same. 

If the Lubes of the lower rectifier are reversncl in polarity, as in b of 
the game figure, Uic outimt power jvnd voltage will not be chnngm! 
if the center points of the two Y’s are tied together as shown 
to make the voltnges of the two rectifiers additive. It may now 
be seen that points A and A' ace atejvactly.the same potential, the 
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•same thing being true of points B and B' and points C iuul C. It 
is, therefore, possible to cuonect the U»rcc lower tubes diiectly 1,o 
points A, B, and C, respectively, and dispose of one set of Irans- 
fonner 'viiidings enl.ircly, as in c of Kg. 7-lS. 

, The dircuit of Fig. 7-15c is known as a three-phase, full-wave 
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bridge circuit and ia bIiowii in complete form in Fig 7-10. As 
indicntod in flic preceding paragraphs, two Lutica operate in senes, 
one to provide a p.ath from the transformers to the positive d-c 
terminal, and the other t<« provide a rcUini path from the negative 
terminal. Six filament transformers are shown, although the cath- 
odes of tubes 1, 3, and 5 could all be heatcii from n single trans- 
former of three times the rating of tliosc slimvii. Tlie use of 
separate tniiiKfdrmcrs is usually' prcfciuhlc, since it is then necessary 
to keep but a single spare for Mncrgency use. 

The curves of transformer secondary' voltages for this circuit 
arc ahoNYii by thu suie waves in Fir. 7-17 with the center of the Y 
as reference point. E\ idently tlie sine wave 0/1 also represents 
the potential of the anode of tube 1 and tlio catliocie of tube 4, OB 
serves thciaimc function f<jrt«bes3 and 0, and OC rerves for tubes 



Tio 7-17 — lllttsltaliiut the wave altapc of the output voltage of thcrtcllRer 
circuit of Fig 7-lU, Center point at Y uouil os the reference point. 

and 2. Furtliartnorc, tlie cathodes o( tubes 1, 3, and 6 arc all 
tied together, and since under the aj^sumption of no tulw drop a 
catliode cannot be more negative than Us anode, the potential of 
these eatlioiles must follow the upper cnt'clope as indicated by the 
upper heavy curve. A similar niia^-sia shows that the potenlml 
of the anodes of tubes 2, 4, ami 0 must follow iJm lower envelope. 
Since the cathodes of tubes 1 , 3, and 5 are tied to the positive d-c 
terminal while the nnodes of tul^ 2, 4. and G are tied to the nega- 
tive d-c terminal, it is ubvious tliat tlie direct output voltage is 
given by the distance between the two envelopes as indicated by 
an arrow in Fig. 7-17. 

The conduction period of each tube may now be determined 
from the curves The anode potential of tulm 1 folloivs cun-e 
OA i the cathode potential foUona the upper envelope- Therefore, 
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tube 1 must be conrfuctir^ during tJie time tliesc two uur\'cs coin- 
cide and idle at all times when curve OA is more negative than the 
upper envelope. Applying this analyas to all six tubes shows l.hal 
each conducts current for onc-third <yclo throughout l.he pei-iods 
indicated in Fig. 7-17. 

The curves of Fig. 7-17 may be replolted as in Fig. 7-18 using 
the negati^'e d-c terminal as reference point and plotting the total 
Y voltages AB, BC, and CA instead of tlic phase \’oltages as in 
Fig. 7-17. In tins case tins mstantaneous output voltage is given 
by the vertical distance between tl«c heavy enx'olopc line and the 
A’ axis. This figure more clearly portrays the wa\’c shiii>e of the 
output A’oltage, but its construction is not readily followed unless 
obtained from Fig. 7-17. 



Fig. 7-18.— llluHlriiUitetlM! wave shannnf llio output voHu);n iif llio rnijUfior 
circuit of Fig. 7-16. Nogalivc icrminal used ns liic rcfci'ctioc point. 

A tap taken ofT the center point of the Y-connccled secondaries 
is shown in Fig, 7-lf», giving a voltage to ground (negative lead) 
only lialf that obtained between outside lemiinals. As may bo 
seen from Fig. 7-15h, the penver at this half-voltage tap is supplied 
by a half-wave, three-phase rectifier uang only half the tubes of 
Fig, 7-lC. Tins often provides a cheap and effective means of 
seem-ing a lower voltage tap where the power demand is small com- 
pared to that taken off tiie outside leads. If too heavy a load is 
taken off this center lead, saturation of the tratisformcr cores is 
likely to result from tlie unbalanced direct component present.* 
l^rthermore, tubes 2, 4, and 6 will be more heavily loaded than 

‘ This may t)c avoided by using six secondary windings in the distrib- 
uted-Y construction of Fig. 7-10. 
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tliu other three, and the eapaci^ of the rectifier nt the higher volt- 
age may be imduly reduced. 

Choice of Tubes and Circuits. The various types of therniiooio 
(iiho.s used m rectifier service were described in Chiips 3 and 4. 
These tvere (1) high-vnruum, (2) Diercury-S'apor, (3) mercury -arc, 
(t) ignitron, and (5) tungar. For rectifier service tliese tubes are 
generally diodes, althou^i gas-filted triodes are often used in recti- 
fier sen’ice ivhcrc it is rtc'siicd to have the output voltage variable 
at the will of the operator (see page 237) 

High-vacuum tubes are used m rectifier service only when the 
voltage IS s(i liigh that g>u<-fAleil tuliea are likely to arc back, or 
n hen tile current demand is so low that the drop in a high-vacuum 
tube IS little if any greater thnn Unit in a gus-fillBil tube, na in low- 
poiicr reotifiem for indio receivers The drop is the high-vacuuiu 
tube, ivhen the load current is more than a few hundred milli- 
ampercs, is much higher tluui that in tLc gus-fillcd tube. Hiia 
means poorer regulation and greater tube loss, therefore, lower 
efficiency'. Consequently the u«e of high-vacuum tubes is to be 
avoided 

The oirouite coruraoaly used for low-power rectifiers using high- 
vacuum tubes are the single-phase, half-wave circuit of Fig 7-1 
for rectifiKTs dcAigiivil i« ilclivcr a direct voUngo with virtually n« 
current, or the full-wave circuits of Pig. 7-3 or 7-0 if a small but 
appreciable cnirrenl js to be delivered. Rectifiers designed to sup- 
ply grid bia? for lai'ge triodn or inultigrid tubes a.i'K examples of the 
application of the circuit of Fig. 7-1 ; rectihers designed to deliver 
output voltages not to exceed about 1000 volts and currents not 
much in excess of perhaps 200 mu fall gciierany within the second 
classification. 

At liiglicr power outputs and at higher voltages, the three-phase, 
double-Y circuit of Fig. 7-13 is most Kommonly used with higli- 
vacuum tubes such as that of Fig. 7-10o. Thi.s circuit causes two 
tubes to operute m parallel, thus reducing the tube drop, and pro- 
vides, an output with a miniiuiim ripple or pulsation. 

At very high voltages thesin^-phasebrivlgK circuit is sianetimes 
used to i-educc the inverse V'cdtage applied to the tubes on the nega- 
tive half cycle. Figure 7-20 shows such a rectifier. Since two 
lubes arc in series, each tube receives but half the inverse voltage. 
On the other hand the total tube drop is increased so that bridge 
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cijcuifs arc to be avoided when liigh-vacmim tubes arc used unless 
the load ciu'ient is so icnv that the tube drop is not excessive. 

The tubes used in vco' liigli-vollage rectifies must be especially 
designed to i)ru\-cn(. fbrshovor, eiUrcr in^de or oui-side the eni'clopc. 
Note particularly the rallier large spacing l)oi\veen anode and 



cathorle terminals (at opposite ends of the tube) in the tubes shown 
in Fig. 7-20. The tube of Fig. 7-196 is designed for similar sendee 
but with even greater separation of its tcimiinals. 

Some form of gas-filled lube is iisesd in most liigh-power rectifiers. 
The highej- volUrge units, from perhaps 2000 or 3000' to about 




ISO 


SETTIFJEBS 


lOoAP. 7 


20,000 volts, usn (Either tlie hot-cathode, loercury-vapOT tube, or 
the ignitron, the latter heinp: preferred for rectifiers of higher power 
output; j'ct both t.hw* tubes aie often used at lower voltages. 
Memirj’-arc rectifiers have been widely used in sizes as large as 
3000 k\v at voUages of 000 and 12lKt volts in railway servU®, l«it 
igiiitroiis are now displacing tliem; thus the mercury-arc rectifier 



usiug the full- 

is rapidly losing its importance. The tungar tube is used at volt- 
ages below about 100 and for enrrents of 1 to 15 amp. It is 
especially useful m battery chafing. 

hlercurj'-vapor urc most commonly used in the full-wave, 

single-phase circuits of Pigs. 7-3 and 7-G for low-power outputs, 
although they may be used in the bridge circuit of Fig, 7-7 if the 
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voltage is higli. The advantage of tiiis latter circuit fur liigli \-nll- 
ages lies in the use of two tubes in series, reducing the inverse 
voltage per tube on the nognUve half cj'cle. Since incrcury-A'airor 
tubes are much more susceptible to arc back than are higii-vncmnn 
tubes, any reduction in inverse voltage is highly desirahle. 

The three-phase, bridge circuit of Fig. 7-10 is almost invariably 
used with mercuv'i’-vapor Uibes at high-power otit])uta. Being a 
bridge circuit, the inverse voltage on the Uilxrs is lower than in 
any other three-phase circuit. Opcralioii of two tubes in scries 
does, of course, tend to give poorer regulation, but tlic drop in 
mercuiy-^’apor tubes is so low (about 1.5 volts) (hat c^'en ^vi^h 
two in series it is nc.arly negligible in a lugh-volUigc rectifier. 

Ignitroiis may l>o used in U»e bridge circuit of I^g. 7-lC. How- 
ever, it is frequently desirable that ihc cathodes of nil tubes be 
kept at the same potential to simplify coiuitruction probloins, unci 
the circuits of Figs. 7-U and 7-13 arc l.licn used. Since the inverse 
voltage of these circuits is higher than that of Fig. 7-10, the maxi- 
mum safe output voltage is less tlian when the bridge circuit ia used. 

Mercury-arc tubes arc built wi(h but one calbode for all anodes 
and therefore cannot be used where Ihc ca tbode-s miis(, he oporiitod 
at different potentials, as in (Jic bridge circuits. 'J'lio circuils of 
Figs. 7-11 .niid 7-13 are, tlicreforo, most commonly used. Mercury- 
are rcctifiere cannot be designed to oiKrate vcr.\’ liigh ^’oll«ge.s, 
generally not more than a few tbous-md. I'liis vid-her low \T)hngc 
limit is due in part to Ibe low inverse voltage rating of the mercury- 
arc tube, which is a result of placing all anodca in a single uhatnber 
(seepage 107). Thus tire mercury-arc Uilje liasn greater tendency 
to arc buck than either the mercmy-va])or Uilre or the ignition. 

Tungar tubes are used in the single-phase, hulf-wuvo circuit, of 
Fig. 7-1 or in the full-wave circuit of Fig. 7-3. They ere not built 
with two anodes in a single bulb, so the circuit of Ji'ig. 7-t5 is not 
used. (See also Fig. 4-19.) 

Filters. For some purposes tlie output cunont of a tlircc- or 
six-phase rectifier may be sufReienlly constant, but in a large 
majority of cases a much liighcr degree of consUuicy is required. 
By the use of fillers almost any degree irf coiislancy or smoothness 
may be achieved. 

Two principal types of filters are Used v’ilh rectifiers. The 
condenser-inpuL, or pi-section, filter is illustrated in Fig. 7-21 ; the 
inductance-input, or L-aection, filter is shown in Fig. 7-22. In the 
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pi-eection filter the cotulensec Co chargisi <lurine tinac that a 
tubeiscondiKiting, and duriogaDy nonconducting period it supplies 
the full load current through the indiii^biiiec L, witli n tlrop in 
voltage deterniiaed hy the siso of the condrasor and the length of 
the nonconducting period The hidiictiinec tends lo inatntnin the 
flow of ciirrenb to the loadat a constant value, the small vanations 
that it permits being laigely smoothal out by the condenser C 
The l^seetion filler operates in a similar manner except that the 
inductance, if operating pw^eriy, will ilcmand u continumis ftou 
of lithe, current at all times during the cycle. This type of filter 
is therefore net ordinarily used vvith a stnglc-phaEC, half-wave rceti- 



Fia 7-21 — CiTCUitotapi section 
(eondeneer-input) filter. 
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Fio * 22 — Cirtuit of an L acMton 
(indueunce input! filler 



Fig 7-23. — Circuit indicating Unj reduction iii filteiiut; ^^^lICll in»y tnke 
pUcr Tilth tbe choke placed in the ncEntive lead 


ficr where no tube is available to pass cut rent to the filter during 
the negative half cycle of tlie supply vciltagi! 

Tho inductance, or ch^c, of a filter i.s commonly located m the 
positive rather than the iingiitivii Ic.ad. 'I'hi<s is to pievi’iit hy- 
passing of the higher ripple frequencies around the chohe through 
capacitances to ground.' Figure 7-23 illustiates this phenoincrdn 
fur a single-phase, full- wave rectifier ti ith an L-section filter The 
rectifier is very ccMiimonly grounded at the negative terminnl ns 
Eihowti, and the primary wiring la usually grounded or at least has 

1 See F. E. Termnn and S P. Pjckles, Note on a Cause of llesidunl Hum 
inltectifier-Elter Sysleias, /’roc. /RE, 22. p. 1010, August, 1331 
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a largo capacitance to ground. TIic capacitance Cp, betxreen 
primary and secondary windings then cwnpletes the by-pass circuit 
\vhe!i tlic choke is placed in the negative lend as sliouTi. The 
capacitance C',,. will evident pass the higlicr frccpiencj’^ compo- 
nents more readily Uian the lower, und these components, being well 
up in the audio spcetniin, will cause serious disturbance in any 
communication equipment being supplied b3' tliis rectifier and maj' 
cause undesirable rctrelions in many industrial aj)plicatious. 

Some pou-cr transformers, cspeeinll}' those used in radio receivers, 
are supplied uith an electrostatic slncld between primary and 
secondary windings to |>rcvenl. distnrljancos in the power line 
from passing through the capacitance between the tu'o windings. 
Such a .shield consists of n conducting cylinder WTapped around the 
core between the favo windings bill split along an element of Ihe 
cylinder to prevent its acting as a short-circuited turn. It is 
grounded when the transfoi-mer is in.uallcd. In such a trnns- 

l f\ A A [\ A. 

0 IT 2o in Si» 7n 3n 9n 

Fin. 7-2.t.— -Curronl (lowJuK >« tlx- circui* of Kig. 7-1 wlioii used witli n pi- 
Buctioii filter. 

former the capacitance C„ of Fig. 7-23 Is eliminated, but the 
capacitance between the sccondaiy and the ciectrostutic shield is 
an even more elective by-pass around the choke. 

AVhero a high degree of iiitcring is not roquirod, the choice maj’ 
be placed in tlie negative lead with a possible saving in insulnf ion 
costs for liigli-i'olUigc units. The voHtigc to ground from the 
uhokc in the circuit erf' Fig. 7-23 is only Uial of the clioko itself, 
whcrc.as it will be equal to tlie direct output voltage plus the choke 
voltage if the choke is pUiccil in the positive lead, at point P. 

Current Flow in Rectifiers "When Filtered. Figures 7-24 and 
7-2.5 shov- tlie currents in the half- and full-wave single-phase 
rectifiers supplying a pi-seclion filler. The cununt flow through 
the tubes is .seen to be quite different in nature from that of the 
rectifier opei'.ating alone {Figs. 7-2 and 7-4), in that the current 
flop's in a series of short, higli-pcakcd pulses. This is character- 
istic of pi-scclion filters, since the condenser C* acts almost fis a 
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short circuit across tlie rectifier teiminab. Because of this extreme 
demand upon the pcclifier tAil>es the pi-seclton filter is seldom used 
on any hut aery Imv-poncr rectifiers, at> in radio receivers, where 
it IS often preferred to the L-scction filter beeiiuse of its winuiwhat 
higher output voltage and lowoi cost fora given amount of filtcrinR. 

The currents in a f»ll-\va\-e, single-phase rectifier operating into 
an L-Rpction filter arc showTi in FSg. 7-2G. Here the tube current 
13 nearly constant throughout the conducting period, with one 
tiitw picking up tfic load current as the oilier drops it. The peak 
value of current flov ing lliToiigh a tulw f»w a given average value 
of load current is obviously much lower than fur the other type of 

AAA 
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Fic 7-2a —Currents floaing in the. eireuil of Fig 7-3 when used with t 

pi-srction filter Ttie two upper curves abovv Uie current in the individual 
tubes, nbhe the bottom curve shons the nurrent in the common lead. 

filter For this reason I/-section filters are always used with high- 
pnwer rectifiers. 

As stated in a pivccding paragraph tlie L-.section filter is not 
ordinarily used with a half-wave, smgle-phnse reutLCer, since such 
a rectifier cannot pa.ss current thmughout a full 360 deg. IVlien 
it j.s used, tlie tube will eonduet for a period greater than 180 deg 
but less than 360 dog ns Srhown in Fig. 7-27. Conduction during 
the negative half cycle of the supply voltage is due to the induced 
rinf nf the inductance evceedmg Uie supply emf and thus main- 
taining the plate of the tube more positive than its cathode. The 
filtering action w ith this circuit is much less effective than with the 
fiill-wa\’e circuit, us may lie seen by comparing Figs. 7-2G and 7-27. 

The addition of a resistance ns in Fig. 7-28 will improve the per- 
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Fic. 7-20.— Current flowing in ibe circtiil of Fig. 7-3 wlioii used with an 
I.-HRction filter. Tho two upper curves iii (n) show llic ciiiTenl in the in- 
dividual tubes, wliila the bottom cur\'c shciws lire ciirnuit. in the eomtnoii 
lead, (b) is an actual oscillogram. 

formance of a half-wave rectifier with l.-.scclioii filter.' 'rhe iti- 
duetance will (.lien ciiscbai^ Uirongh this resistance ciui'ing the 
negative half-cydc of fJie supply volla^ and, if of siifhcient size, 
will maintain a continuous flow of current, as in Fig. 7-20, quite 
similar to the total cunent with » full-wave rectifier m .shown in 

‘See M. B, Stout, Bobavior of Ualf-wave UcctiliuiB, fili:i:lro7u'r8, 12, 
P- 32, Septoinber, 11)311. 
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the lowest cun-c of Fig. 7-2Ga. Obvioiisli' tlic presence of thi-s 
aJditional rcsi&tof jncrca.scs flie los-cs flinl loners the e/Tieiency 
wliilo decreasing tlic ripple. 
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Fin 7-27 —Current flowirti; in tin- iirruit <if I'lg. 7>t nhen used nith an 
L'SeeUnn flUor ((-) U au aelnal 



Fifl 7-28 — IllustrutinK tJic twe »f Fio 7-29.— Current tUiuinp in 
a bleeder resislxnce to iuifirwi* llie (lie iii'liietaiKe of I'lK T-'-’S, wlien 
pcrforinanro of an I<-eec1ion (iltrr u«ed nitli tlie rcetificr of I'lK 7-! 

/r when used With tlie cirruitot I'lff 7-1 



t'lQ 7-30 — CmuU ot a Ina-eecinm, u«!utt.\iier-5npnt filter. 

In case Uie ssiuipJc, smglc-i«tion just desrrihed nro in.'tif- 
ficient to provide the required smootlwion of ontput, additional 
L-type filter Boctions mny be added a-* in F'g. 7-30. It is seldom 
iiecessarj’ to add more flinn one additional section. 

Tuned-circuit Filters. It is pos.sible to incorpoiato tuned cir- 
cuits into tho filter to prwide increased ^tiering action at one or 
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more frequencies. These may conssl of either series-resonant 
units in shunt w’itb ihc cireuit or parallcl-resonnnt units in series, 
or botii may be used in combination. The principal use of tuned 
circuits is in reducing tlie fundamental component to a vciy low- 
level, 'so low as A\-oHld require a filler of prohibitive cost with a 
coin'cntionnl “briitc-forcc” filter of the pi- or li-secf ion type. An 
nlijection to the use of tuned circuits is tli.at, wliile they aio more 
effective than brutc-forcc fillers in filtciing the frequency to whicii 
they are icsonaiit, fhey arc much less cfTcctivc at other frequencies. 
Tlius a l.unetl filler, tuned to the pn'ncipnl fi-equency component. 



3-Plios» foil wave 

(Including thr double Yond bridge circuih; 


Pio. 7-31 .—Wave shaiw of the output voltano of various runlifior circuilH 
(iio iiUcr), 

in the output of llie rcclificr, may l)c entirely iucffcct.ive at. higlior 
harmonics unless siipphunentod by additional untuned filtering. 

L-section Filter Design. An exact design of a rectifier and filtci- 
is a very difficult process because of the complex nature of tlio 
ciii-j-ents liowing, but for most purposes a design of sufficient accu- 
racy may be obtained by making a few simple ns.sumpt.ions. Let 
tlic filter be of the I.^3cction tjije and let the \'oH.age supplied to 
the filter bo equal to the rectified voltage of the tiansformor; i.c., 
the tube drop and the transformer reacUuicc drop are to lie 
neglected. Neither of these two factors is onliiely negligible, but 
their principal effect is to ciuisc u slight reduction in the output 
voltage wJiicli may l>o corapen-sated for by sligJitly increasing the 
secondary voltage of the transformer, os illustrated in the c.xampio 
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follonuns this tliseuRsion. Tha voltage supplied to the filter by 
the vanous types of circuits win then be ns shown by the solid lines 
in F’ig. 7-31, wiiero the lieights of the half sine->vave pulses are the 
crest values of the traiudonner sccoiuhicy voltages. 

L-fccction filter may now be designed with the assistance of 
Table 7-1 ‘ The alternating current flowing through the induct- 
ance may ho determined with the aid of Fig. 7-32, which is the 
equivalent circuit considering only the lUtcrnnting, or ripple, volt- 
ages produced by the rectifier and Rejecting transformer-reactance 
drop, tube drop, ami dioke resistance. Evidently the ciirmiit is 
equal to the impressed voUngc divided by the total impcilance of 
the filter and loari However, the impedance of the condenser C 



Pig 7-33 - Uqutvalcnt circuit for nppic frequency components of a rcntificr 

in a satifcfactoty filter U only' a small fraction of that of the choke 
L Thus the cnadcn.«ur and load, being in parallel, have a ncgll- 
giblo effect on the magnitude of the alternating current flowing, 
and it is possible to write 



where Ei »=* alternating voltage applied to filter at npplo fre- 
quency' w/2ir (obtained from Table 7-1} 

7i = iiltcmnting current flowing through filter at ripple 
frequency to/2ir 
/< — inductance of coil, braiiya 

Thn nllcmating voltage applied to the filter is anything but a 
pine wave, as evidenced by Uic compunents listed in Table 7-1, m 
that a complete solution nould require thnt the current flowing at 
each Jiiiimonic frequency l>c detcnnuied; but if the design is such 
aa to keep the current at the lowest frequency within satisfiictory 

'■ Tl.c table is on p. IW Appendix D outliocs the mctliods of lielernuu- 
iaa the numcncul values io this table. 
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limits, all higher liurmonics should be acgligiblc. 1'he solution is, 
therefore, generally carried out at the lm\‘cst ripple frequency only; 

Tlifi alternating ^•ollagc appearing across the load leniiinals 
may be determined by multiplying the alternating current Ii by 
the impedance of C and R in pamllci. Actually the condenser 
reactance is ^•Cl■y much smaller Uuin R, so tliat,, for all practical 
pinposes. 




A 

wC 


Ex 


(7-2) 


where Er — ripple vedtage across load 

C 5= capiiuitHiice of filler comlciiscr, farads 
The known facl.ors in Bq. (7-2) are Er, Ei, and w, the first factor 
being given in the rectifier specifications and the last two being 
obtained from Tabic 7-1. n>c equation may, thercfoi'c, bo re- 
written t o sob’B for Uic pi-oducl- of L niul C ; 


l-c s 


(7-8)* 


Thu > sign is used in this equation, since the specifications iior- 
mallj' give the maximuvi permissible ripple. Thus values of L ami 
C giving a product greater tluin that due to Uie equality sign in 
Eq. (7-8) arc permissible since this will rosvilt in a lower value of 
ripple voltage En than was specified. 

Minimum Capacitance for Filter. Evidently sin infinite number 
of combinations of L and C will satisfy Etj. (7-3), mid the final 
choice of a condcuscr and coil must be governed iiy economic con- 
siderations, to be made only nffar a study of cost figures. TIow- 
e^fs^, there is a minimum value for boUi L and C liclow which tJic 
filtering action will be uasatisfactoiy. For C this minimum \'iihic 
is detormiued liy the type of load supplied I»y tiic rectifier. Siiiue 
the scries inductance L permits only slow change.s in ciirronf, 
through the filter, any sudden variations in load demand must he 
handled, momentarily at least, by the condeiiBer, Fai’ example, 
if the load consists of a \moinim-tube amplifier, tliere i\'ill lie con- 
tinual variations in the current being draumfrom the rectifier even 
though the average current may remain the same. These \’aria- 
tions may occur cither at a radio or ai. an autiio frequency'. If 
they occur at audio frequencies, the condenser caiiacitnnce must 
be quite large to handle variations in current at a frequency of, say. 
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30 cyclcs/f^c without permitting appreciabte chanses in the output 
voltage of the nir.tilier. Tlie problem is frequently covered in 
specifications, by stating that flic iwililicr shall not ptesenl more 
thnn a given mnaimurn impedance in series with the load at a given 
minimum frequency. Since the impedance of the condenser is 
many times lower than that of the uiductauce, this specification 
virtu.itb’ gives the minitnum pemiis.«.ilile eap.acitnnce of the eon- 
deii'^r. The relation may be expressed malhematicaJh' as 


C S 


Ul£ 


uhere Z ia the maximum pemissible impedance of the rectifieT at 
the specified frequeuo' vtj'lv (This point is fully illustrated lu 
the ensui!^ example.) 

Minimum Inductance for Filter. The purpose of the choke L 
IS to maiutam nearly constant current fiow through the filter 
thToiighmii the ryclu (if llie supjily voltage. If the load is gnidii- 
nlly reduced, a point is reached where the current floinng la so 
small that the etTect of the choke becomes slight i in other words, 
the inductance is unable to maintain constant current, and the 
tubes begin to coudoert in i^iorb piilsi'sas with the pUscctioii fiUcr 
The power flow from the transformer is then no longer continuous, 
a condition that should be avoided. 

Since the mmimuin size of uiductuncc llmt ivilt avoid the difli* 
cuUy just referred to is dependent upon, the load current flowing, 
it is necessary to assume some minimum load at w hich the rectifier 
is to be operated. Let this current be 

For the (‘hokc to jicrfurm properly, the crest value of the alter- 
niiting current flowing through it must never exceed the direct 
current. This may be seen by noting tliat the total instantaneous 
current floivjng through the inductanm at any instant is equal to 
the bum of tb« direct nnd alternating components; consequent!}’ 
the tiitfil instantaneous current will never fall to zero so long as 
the eiest of the ftoswiwww.wf. vqwwl tw ov te-i 

than the direct, ur 

x/2 /, g /«,.» 


r, from Eq. (7-1), 
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Solved for L l.iiis ocjiinl.ion giva? 

L a (7-5)* 

Uiini. 

wliere cd ii3 27r limes U»c ripple frequency. Tlio equality sign in 
this equation gives the minimum L for satisfaotoiy operation. 

Evidently E([S. (7-3), (7-4), and (7-5) each set a minimum rela- 
tion for the design of the filter constants. Ordinni'ily the product 
of tile minimum C and the minimum L, as tictermined by Eqs. 
(7-4) and (7-5) when using the equality signs, is Ic.ss than the mini- 
mum LC product ohlaiiicd from ICq. (7-3), so that some Iccivay is 
permitted in dotormiiiing tho most economical L and C- If it 
bIiouIcI so ha 3 )pcn that (he product of (he minimum L and the 



Fici. Illustrating the cfTcct of iiii uir cap on the iixiuctuncc of n (ihoke. 

Curve (u) no uir (&) with air gap. (nyslareKiH acalcctcd.) 

minimum C execed.s the minimum LC product oblaincti from Eq. 
(7-3), it will of course be nccc.ssarj' to use these vnhios notwith* 
standing- 'J’he result will be a filter ciqrubic of providing a lower 
percentage ripple than that specified. 

Once }j is determined from the foregoing considerations, its 
re.sistance in.aj' he e.sf-im.atetJ and the complete <;aIciilations of I'coti- 
fier performniiec carried out as outlined in tlio ensuing scctiotis. 

Design of Choke.* The inductance of the filtci’ choke L is 
greatly affected by the magnitude of the direct current (lowing 
through it. If the Iiyslcresis effect is neglected for the moment., 
the magnef-ization euj-vo of tlic iron core of tlie clioke may ho aliown 
as in a (Fig, 7-33). Since tile inductance of a coil is jiroportional 

’ The design of a choke for rectifier service is presented in some detail 
by Reuben Reactors in D-c Service, Bleefroaicg, 9, p. J8, Sopteinbor, 
1936. For further infoimalion see O. R. Hanna, Demgn of Reiictaiices and 
Troji.'iformors Which Carry Direct Current, Tnm. Allili, 36, p, 155, 1027. 
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to the elope ot the B-II ror\-c, it la evident that the maximum 
average inductance \a ciUtainecI «!ien no direct ciirreut ia prcMMit 
ami M'itli an altcrnatinB current of sueh maRnitiirlc as not to cause 
ttic llii\ to riMj above the knee of tlic curve. If n direct current is 
present siicli as In magnetize the core (o tlic point 1, the inductance 
presented to a small nltcmnting ciirrctil (as the ripple current in 
a rectifier) \iill evidently be proportional to tin* slope of the R-H 
curve at that point and will l>c very much Iea.s th.an that prescnferl 
witli no direct current. Tius permeahitity of the core as it affcets 
the nltDiiinting current under tlii'se conditions is commonly known 
as the tMcremcnlol jirmiruhifili/, Muec it is foiintl by Miperimprteiiig 
bmall increments of cumuit on the constant direct current. 



Fid 7-3i — lltuslr'iliHR the cITccl ot the li>strtcf><B loop on llic IntluctAiiea 
of A choke. 

Actually the relation lietwcen It and II for an iron wire iw given 
by thr hv.stcresh Innp (Fig. 7-34). Here it is obvious llial the 
elTective inductance to the nllcmatini; component is «icj>endeni 
not only on the magnitude of the direct component of current hut 
on the previous nuigiictic histoiy of tlie irtui a.i ivell. Tims with 
the d-c excitation t4iowii, the fluv density may he represented by 
either point 1 or point 2 depcnditig on whether the direct current 
was deoreased or increased to Fcach the excitation indicatixl. 
Furthermore the altemfiting component itself will tend to caii'C 
the magnetization to follow a small lijiiteresis loop uruuiid the 
point of <bc magnctisiif.ioii, and the cUccfivc inductance is pro- 
portional to the average slf^ of tills loop. This value is generally 
smaller than that w hicli would be obtained if there wore no hyster- 
esis, as assumed in the preccrling pamgrapli. 

The effective inductance of a clioire may bo increased by insert- 
ing an air gap in tlvv magnetic cireiiit. If hyatercsia ia again 
neglected for the sake of simplicity, the magnetization curve will 
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become as in b (Fig. 7-33). It may lie seen that tiic inductance 
tliat such a coil will present to a smaH alteniating emrent in the 
presence of a direct component of tlie magnitude indicated is 
mai'kedly greater than that of Uic choke witJioiit nn aii- g.ap. I'he 
length of the gap vctiuircd deiMjntls upon the diieot current that 
the choke is to pass and upon tlic constancy’ required of the induct- 
ance as the direct, current is varied. It is generally only a small 
fraction of the total length of Urc magnetic circuit', often consisting 
of a butt joint of the laiiiinntions with, perhaps, a Ihin piece of fisli 
paper or other suitable nonmagnetic material inserted ns a spncci’. 

If tiic air gap is m.'ido rerj’ small, the effective indiicluncc will 
vary aomcwliat with tlte direct current, l>cing much lai-goi- at low 
currenls than if the gap were of such IcngUi as to hold the indiict- 
imce csscntmlly constant over a wide range of uuri'ent, Such a 
unit, Itnown n.s a swinging dtokc, is commonly tistnl in filters, espe- 
cially as the first clioke in a two-stage filler {Li in Fig. 7-30). Titis 
typo of choke is especially' valuable in this Joeation, .since it jnakes 
possible the satisfying of Ikp (T-o) at mncli lower ^■IlhIos of lau, 
than would be economically possible with a choke containing an 
air gap of such length i>.s to maintain a nearly constant inductance. 
The second cliokc L- is of the const!»nt-inductnnce type which ])ro- 
vidos adequate filtering at heavy' loa<ls whore Li is smull. 

Selection of Tube- Ifiie ratio of the peak anode lube current to 
the average or direct rectifier current, given in Table 7-1, is based 
on the assumption of nn infinite induclanco and, therefore, a 
rectangular wave shape of the lul>e currents. Figure 7-35« shows 
the current flowing in each lube of a full-wuvc, .singio-ifiiase recti- 
fier under these assumptirais. Actually', however, the fill or intlucl- 
unce is finite, and tlie rcctificr-oiitpnt oiinent consists of a direct 
component witli several idmiaoidal alienuiting cornponcjits .super- 
imposed. The magnit()dc.s of iJiese alternating components may 
be determined in the manner already dc«wil>ed ami tlio true jmiilc 
current computed by addiUoii, although for all practic.’il piiiposes 
the ripple frequency component is so niucli groator than any' of 
the others that sufficient accuracy will 1 ms realized bj' considering 
it alone. 

Let tlsat portion of the ripple frequency current Iloss'ing Lliruiigh 
each tube he al,, wheire a represents tlie fraction of tlic total rii>j)le 
current 7, whicti flow.s Ifirotigh one tuljo. In all Ihc oircuita of 
Table 7-1, e.\-cept tiiu double-Y, each lube carries tlio Lolal load 
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current during its conductiwj period un<l n one, but in the 

dowble-Y two tubes conduct simultaneously and a equals 0.5. Thus 
a is given by line 1 , part O, of tlu: table. 

The rippJe current per tube, ali, ig ahouTj in Fig 7-S5b for the 
full-wave, Bingle-phare recliOer Its phase position is found by 
noting that it must lag the fanrlnmentiil conipcncDt of the ripple 
voltage by virtually 90 deg and that the positive crest of this 
voltage coincides with the pofutive rx«st of the transformer Eccond- 
ary voltage and therefore wth the mid-pomt of the tube-current 



Fia 7-85- Curv*** shiming the jncre.ist in peak euf rent per tube c.iusfd by 
the npple frequency component m cne recciRer 

pulse. Suininatiora of tlie ciimints ir curves a nnci b priiiliirra 
the two tube currents of Tig 7-35c, We may, therefore, write 

ip =* /,« + alim (7-0) 

p.here 1 , = actual peak tube viirrtuit 

Ipo = peak tube current as computed from Thble 7-1. 
f i*. = crest value of alternating component of luiTreiit in 
rectfier output 

a = ratio of tube current to rectifier output current (same 
as ratio of |>eak anode currrnt to direct current given 
in line 1, Part C, Table 7-1) 

The current 2i„, is obtained by multiplyltig the. nus cunent A 
< om Eq. (7-1) by ■\/2. Then, if /# represents the direct current 
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aj)j)ro':iinately sinusoidal, and higher frequericy components must 
be r.oriftidcrcd in addition to the fuadamen-tal component Jj. These 
may produce a ctmaidcrable iiiureaae in 

Determination of the peak-current demanded of a tiil)c is of 
considerable iinpoctance, since all commercial tubes are limited in 
their peak current-cariylng eapacity, A lube may be able to pass 
the average current demanded of it without nvcrlieating and yet 
not be able to aupply the peak current requited. A. rectifier de- 
signed for operation with such a lube would be imalJe to deliver 
the B-xpected output. 

^.laTimum inverse, peak vollages ace also given in Table 7-1. 
When a tube is passing current, the voltage impressed between the 
plain and filament is that due to the drop in the tube itself; but 
when the tube is nonconducting, Uic voUago across the tube may 
be over three times the direct output voltage Tubes designed to 
vvithsland the invent (teiik voltage uiusl be selected, or a circuit 
with a lower inverse peak voltage used. 

Complete Rectifier Design. The follo^ving eitample illustrates 
tlic application of the foregoing prindplcs in tbs design of a liigli- 
power, high-voltage rectifier. High-vacuum tubes and the 
doul)Ie-Y circuit are assumed os representing the more complex 
type nf solution Solution of a circuit using jncrcury-vnpor tubes 
would di^er only in the use of a constant tube drop of about 12 
to 15 volts Cregardlesa the current fleming) and probably iu tiie 
use of the bridge circuit of Pig. 7-lG The design of small recti- 
fiers, such as used iu radio receivers, may be handled in the same 
manner, but tube maniiate and other sources of information are 
now available that make the design of most such units a simple 
matter of picldng valuer, out of tables or charts. 

Example. Sappose that arectifiieris to be designed bavtag tbe foUowiag 
«ppciBc.%tions, using bigh-vaeumn tubes: 

Output 20 kw 

B'utMgad terminal volte TUUO 

Maximum ripple in output ... . per cent 

Maxiroum impedanco to load 1000 ohms at 30 cycles 

For a reelificr of this large capacity using high-vacuum lubes tbs 
double -Y Circuit ivould almost ceriaiiily be used, andinspBctiouof Table 7-1 
wiU daclcae that E, is 0 WO tinms'tbe direct voltage, or 2Sf) volts. (Since 
Table 7-1 assumes no drop in the cbokea and tubes, the results lu the first 
part o{ this design will be approTunationssbutexact Cgure.xare not necessary 
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in tho selection of condenser, clmkes, and luixsa.) The ripplo voltago 
£k is H per cent of the direct voltage, or 35 voUs. The rip|)le frequenej' 
is given by the table as bis times the frequency of the siiiiply, or 350, so 
that u 39 22li0. Subatitnlion of these values in Eq. (7-3) give a miiiiiuum 
iCproductof 1.S7 X lO’*, wiicrcLisinhcnrj-saiKl C is in farads. A prefer- 
able procedure ifi to express C in mierofarada, in which ease LC = l.r>7. 

The minimum value of the capaeilancc is determined from the last item 
in the Bpocificalions and Eq. (7-4). A oondenBcr having a rcftcbinco of 1000 
ohms at 30 cycles is found io be of approjclmately 5 ><f eap.acitanne. 

The minimuin vidiic of L is ninct solved from liq. (7-6), iwsmning 7mi„ (o 
he the quarter-load current of 0.715 amp. The niiniinuai L is found lo he 
O.Z-IS henry. 

The product of minimum and minimtimCis 1.23, less than the minimum 
LC product obtaineil from Eq. (7-3). It is, Uicroforc. necessary lo tleter- 
mino the most economical combination of A and C Uiot will produce a prod- 
uct of 1.S7 and still exceed the individual niiiiimuin values dolcrmincd for 
the inductance ami capncitance. The most oconomieal combination usu- 
ally requires ths use of t.hc minimum capcicitniinc and the currcsponditig 
inductance as determined by Eq. (7-3). In the problem at hand, there- 
fore, C will bo 5 lit nod L about 0.32 honry. 

Tho cost of the iiHluctnnce will depend quite largely upon the nmoiint of 
rcsistanoo permissiblo. Evidently careful design rvould require that a 
bnlRDoe bo obtained bcla-ecn Uio interest ou the investment in tlic induct- 
aneo and the cost of tho energy wasted in heat losses over a given period of 
time. Actually the Bclccliun is cominoiily made on tlic basis of crqierieuno 
und geueral design data. For the problem at iuind assume the QO-eycIo 
power factor of this choke to l>e 22)^ per cent; the resistanco will thou bo 
27 ohms. 

The same design conidtierntions aiiply to the balanec coil .as in tho main 
oliuke; i.e., tlicinduct.ance of this unit should be such tliat the Instunt.a neons 
current flowing througii its windings never drops lo zero. ITic direct 
current (Intring in each half of tisis unit is obviously half the load current 
so that the crest value of tbc alternating current through this choke should 
nut exceed O..T58 amp. Table 7-1 gives the voltage across the coil as 0.33 1 
times the direct vollago, or 0.351 X 7000 = 2180 volts, at a frequency of 
three times that of the supply (a >= 1130). Tho inductniiue is, therefore, 
equal Lo 2180/(0.707 X 0.358 X 1130) = 8.86 hcnrj-a, aiul, at a 2 per CGiit CO- 
cycle power factor, tho resistance is 72i! olims. Although tide iiitluetniiec 
is over twenty times thut of Ilic filter cliokd, the cost per iioiiry is very much 
less since the d-c siingnotisnUQii in the two halves balances, thereby pre- 
ventiug auy tendency to saturate. An air gap must bo used in llie flHcr 
cliokc lo avoid saturation, and many more lurns of wire are required lo 
obtain a given inductance Ilian in the balance onii, CoiiHoquoaliy the 
balance coil raay cost less than the TUtcr choke in spile of its larger induct- 
ance. The lower power factor assumed is also due to tills dilTcronce in de- 
sign sinco the number of turns of w'irc per henry is Binallcr than in the choke. 

Selection of the tube tv bo used may non- be made. The factors involved 
in this selection arc average current,peak current, and invor.sepcak voltage. 
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According to Table 7-1 the inverse pealt voltage la 2 00 times the direct 
volinge, or 14,r»3(l volts; and Oie averoBO current i# 0 167 times the direct 
load current, nr 0 amp. The penk current is Riven naO 5 times the direct 
ciirrenl, or 1 13 omp, inil »s hased on the assumption of an infinite induet- 
iitice, or /i ■" 0 Tlio Inie peak current is Iherefore obtained from Kq 
(7-7), giving a rorrected value of 

0 6(2,SC -f 0 &5} - 1.71 nmp 

iVitb the foregoing data at Inunl the moat economical tul>o may- bo selected. 

The only item nl design rrraniuog u tlic power Iranstormer. ika this 
must tie cupjhle of prodticiiiK the full 7000 volts iit the terminals of tiie 
rectifier, it is neeras irv at this point to correct for the drop in chokes and 
tubes ity adding the full load drop through these jiirts of the circuit to 
tho 7000 volts termiiul voltage, anc<(Uivalfiit ii<>-dr»(> virltngu K, is secured 
This latter is the voltage on which Table 7.| isnrtiinlly based, ImtehYlously 
It could not bo Uelormined uulil cliokcs ami tul>es were selected. 

The d'C drop in the choke ul the full knd is 

2h0 X 27 - 77 volts 
while the tlrop iit the batoiico coil le 

2 80/2 X 724V2 - 52 vulls 

lioir the current and kaif the balance cwl resislnnco are used for reotons 
obviniia from inspection of the circuit The tube ilrnp is determined from 
a curvu of plate current vs plate vollage fur the typo of tubu selected 
that It IS found to hr 7oA volts Xeglecting the drop In the trims- 
furmer (this drop is usually unallcr than any of the others under considera- 
tion) , the equiv.aleiil no-dmp voltage A*, will lie <000 -I- 120 -I- 750 7879 

volts lieferring aRiiin to the table, the transformer secondary voltage H 
found to lie 0 855 limes the direct vult&gc. or 0 855 X 7879 >■ 67-10 volts 
The power input to the tiiliesand filler is /.'.fsor 7Si9 X 2 Bfi — 22,500 watts 
(Since the output w.n 20,000 watts, tins difTerence of 2500 must represent 
the loss in tubes and rhtikea ) TliC Utiliz.atlon factors of the trsnsformcra 
are given in the table asO 955 for Un!piiin.ariesaudO 075 for the secondaries, 
«i) that the lutings of the mndniRs will be 7.1V nnil 11.1 kva, respectively, 
per Iransfiipmer 

The aciuid inverse pe-ak tube voltage m.tj now he found as 2 09 times 
Rn or 16,400 (instead of the approximate value of 14,030 previously found), 
rieasoMbly jiccurato clurocleristic curvea may be readily obtained for 
ail loads above about nne-qii.artcr full load, nxcept for a very slight trans- 
former drop, remains constant ubove about nrwj quarter load (tlie filter 
inductance becomes incfTcctirc hf-lnw this jKiint which results in a rise in 
Em), so th.at the tcrmiral voitagu is found fur any given load by subtracting 
the choke and tube drops from E,. The choke drops arc oblnined by u 
simple application of Ohm’s law, but the tube drop must be rc.ad from the. 
characteristic curves of the tube The eftieicnry may he determined by 
dividing the output, EJ, liy the in[>ut i7,/» + filament loss + tmnaforraer 
losses The filament loss iscquul to the number of tubi'B limua Efh for one 
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lube, since ail lubes arc dcuwiiiR filament ourrent coiil.imiously. llio 
transformer losses ciiii jrcncinlly be cslimnicd witli sufficiniil accuracy from 
tables ill haiKiboolia or from gpecifiontion sheets Mippliccl by mtinufftclurcrH. 

Pi-section Filters. Tlie dca$;n of a pi-scction filter is more cliffi- 
ciiit than that of an L-.sfiotioii filler oiving to tlic action i)f the i/ipiit 
condenser. Tlie voltage across this condenser has the genera! 
shape of tlie llea^\v line in Fig. 7-36 wlicn used willi a .siiigle-jiliase, 
hnlf-wavQ rectifier. At linxc It the voltage of the li'ansfoi'mcr 
seconclaiy (neglectuig tuljo drop) Iwcomcs equal to llie voltage of 
the condenser, and current flows through U»e rectifier tube, eliarg- 
ing the condenser as well as supplying the lotid. At time h the 



au]3ply voltage has begun to dro)) and again becomes less than the 
voltage of tile condenser. The rcct4fier tube ceases to conduct., 
and tiie condenser supplies tlio load current from h ' o h when I, he 
supply voltage once more eipiala tliat of the condenser and tlie 
cycle is repeated. TIic discharge cunm will he a straiglit line if it 
is assumed that ilie inductance is large cnoiigli to maintain the 
curreiil constant (a I'e.'isonable assumption eousidoriiig the very 
short interval of time iretween condenser chargings), and its slope 
will obviously be a function of Uic load current. 

The ni'dinales of this curve may be delei'niinod with a fair degree 
of accuracy by assuming a condenser cliargc-elischarge curve as in 
Fig. 7-37. This wilt give a coudensor capacitance a little laiger 
than necess^tiy, wliich is erring on fJte dcsiniblo side. Tiic maxi- 
mum voltage .across tlie condenser will be equal to the ci-e.st luilue 
of the altemating voUege of, the secondary winding, neglecting 
tube drop and ti'anst'ormor rGOctanec. The drop in voltage during 
the discharge period nmltipHcd by the capacitance of the condenser 
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will bB equal to the quantity of electricity required by the load 
during the hamo mlcrval c4 time. 

= /#2* (7-8) 

whereAE, =• drop in vollagu across condenser 
Co = condenser capaeitence 
It =* direct load current 

T = interval of time between condenser chargings 
Hic time T wojiltl be that of one cycle for a half -wave, gingle-pliase 
rectifier, one-half cycle for a dowUh-.-wavp., KinBle-jihasc tectificq 
one-third cycle for a half-wave, three-phase rectifier; etc. 



Tim* 


Fio. 8im|)1tli<'d rhnree-diseharg«i curve ulifch claecly apprejumater 

the true curve of Fig 7>3(} 

After the condcnficr-voltagc wave of Fig. 7-3" h-is been evalu- 
ated from Eq. (7-8), it may be onalyred by standard Fourier 
analysis methods,' and the various components applied to the 
remaining purliou uf the cinaiil which e merely’ an L-section filter. 
Normally only tin* fundiimcntnl component (or ripple fretjnnncj) 
need bn considered. As a matter of fact, design of a pi-section 
filter IS not often required, os this type is commonly used only in 
low-power rectifiers where careful design is not necessary oning to 
the low cost of the component, parts 

A resistor is sometimes inserted itt scries %vith the rectifier output 
but ahead of the filter when a condenser-inpul filter is used. This 
protects the tubes against eace^ive ciirn-nb when the rectifier is 
started If the a-c input to the rectifier has been deenergized for 
a sufficient length nf time for tlie condenser to become disciiarged 
through the resistance of the load dreuit and the alternating cur- 
rent IS reapplied, the condenser will act as a virtual short circuit 
until it begins to charge. Tlie scries resi.stop should be nf such sire 
as to limit the current into the candenser to the safe rating of the 


* Appendixes B and C. 
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tubes, even though its presence will somewbat reduce the cfBciencj' 
of the rectifier,' 

Tn low-power rectifiers tlio caUiodcs of tlic tubes arc often heated 
from an extra winding on the hi^-vollage supply transformer and 
will therefore be cold at the time the alternating cuixent is applied. 
I’he time lag in heating of the cold cathodes is suflieient to jrrevent 
excessi\’e currents from flowing until the condensci' has become 
charged, this is not so, either a resistor should he used or 

the filter should he of the inductance-input l.ypc. 



ria._7-3S.— Output voilage curves of n lowwohnce, singlo-ph.aso, full-wave 
rcotificr with (a) jii-siaUion filler and (f») i.-xcclioa filter. 

Operating Characterishes. The regulation curve of a full-wnvc, 
single-phase, low-power rectifier is shown in Fig. 7-38 tvith a jri- 
sectioi] filter and an L-sec(ion filter. It should be noted that the 
regulation is very much better with I^-sectiou filter except nt very 
low loads but that tlie output voltage is considerably leas. When 
a condenser input is used, reducing the lo.ad current will cause the 
slope of the discharge curve, from /• to fj in Fig. 7-3B, to decrease, 
thereby slioitening the interval liU of current flow through the 
tube whence the average condenser voltage will npproaeh the ere.st 
value of the impressed alternating voltage as a limit. The outjoiit 
voltage of the pi-section filter at no load is seen to be 515 \'olt.s 
which is essentially the crest value of the impressed cmf. (Tlie 
secondary voltage was 370 volts rms.) 

'A, P. Kausininnn, Belermintition of Current and Dinsipat.ioii Values 
tor High-vacuum ReoLificr Tubes, RCA Res., 8, p. 82, Marcli, 1937, 
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la the L-f=ortion filter (Fig. 7-22), with the condenser Ca of Fig. 
7-21 ehminfitctl, the induiilancB causes the tube current to be 
nearly constant so that the output voltage Bliould approach the 
average value of the rectified emf (332 t'oU.s) us the load current 
approaches sero. It may be seen that cur%'c (b) of Fig. 7-38 does 
tend to approach this point but finally curves abruptly upward 
toward the stune voltage at no load as was obtained for the pi-sec- 
tian ftltc.r. The iaductance becomes noneffective at very light load 
currents, and tlic coiidcii.ser C tlien charges iiji toward the crest 
value of the applied emf c'fftctly rts did b’o w the pi-section filter. 

A genoua objection to this abrupt rise in volfage at light loads 
IS that the condenser 0 roust be designed for the ma-vimum voltage* 
of 515, whereas diinag normal operation of the rectifier the voltage 
never exceeds about 325. A bleeder resisfcauue may be uounected 
across the output temunuU of inductonco-inpiit filtcirs of such size 
as to prevent the current through the filter from becoming so small 
tliat the inductance losc.« its effectiveness, thus permitting the use 
of a lower voltage, cheaper condenser than would otherwise be 
possible In man^' cases the presence of u voltmelor auross the 
output is suflluieut to prevent an evccssivo voltage rise The use 
of polyphnic einiinta oMo consi«lcr»bly reduces this trouble, as tliH 
ripple voltflRos applied to the filter are much less than for t.ho 
single-phase case (see Fig 7-31). 

Terminal-voltage and efficiency curves of a 15-kw, 5000-volt 
rectifier using a three-phase bridgo cinruil wilii I^st-ittioii filter and 
mereuiy-vupor tubes are shown in Fig 7-30. The voltnge regu- 
lation 18 much better than for the small rectifier of Fi^ 7-38, since 
the tube and choke drop are a much smaller percentage of the 
tctminal voltage. The efficiency js seen to be quite high, 9-4 per 
cent at the maximum. Had high- vacuum tiibea been used, the ef- 
ficiency would have been of tho order of 7.5 to 80 par cent, uud the 
voltage drop, between one-fourth anrl full load, would have been 
perhaps 12 to 1 5 per centerf the rated voltage, even when using thu 
doublo-'f f.ircviii 

Rectifiers Tfsing R-F Power-* High-voltage rectifiers supplied 
by 60-cyele power require rclalividy roatly power truiislormers. 

> This voltane is determined, when dcsignirig a rectifieT, by muUlplyi«K 
llie rms Bocondary vollope, a-s found from Table 7-1, by V2 

* For furthpr information on tUU type of rectifier, eec O H. Scliadi", 
IliKlio-frequency-operated High-voltage Supplies for Cathode-ray Tubes, 
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Wiicii l:he power output required is low, ns in fclie rcetifiors used to 
supply catlicclc-i-a}’ tubes, it may be more econominal to obtain 
dircet A'oilagcs of tbc order of 10,000 or more by i'cetif\’ing a v-f 
source oljtiiiucd fj-om a vncuum-t.ube oscillator (see Ciiap. 1 ! )- A 
r-f source of nlternatiiig volUi^ permits the use of a f lined, air-core 
traiisformcr instead of the usual iron-core tyi>e, a(. n nonsidoi'aiile 
saving in cost. It also reduces tlie cost of tire Tdlev ns Eqs. (7-3), 
(7-4 ), and (7-5) show l.lial Ihe asse of the inductance and contlenser 
required for filfering varies inx'crscly with the froiiucncy. Since 
the saving in transformer and filter costs is at least partly ofTset by 
tiic added cost of the viicuura-lubc oscillator, power siipplio.s of 
t.iiifi type arc economicul for low power only, whore Uic added cosi' 
of the oscillator i.s Ie.«.s than the savings in the rectifier. 
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Ftn. 7-3(1. —Trrniiliul-voUsiK*! niiil <-nicii‘iicy enrves of ii IS-kir., flOQIl-volt 
recti lior using n threo-pli.isii! briilgr: circuit nnd iiuircurj'-viipor liiben. 


It is even possible to combine the action of the rectifier and r-f 
oscillator in a single tube. As will bo <lemonstnrle(i in Chap, ll, 
I'aciium-tube oscillators gcncmlc tliclr own direct A’olfagc for bias- 
ing the gi'id, and i(. is pos.sib!e, with proper tube rmrl circuit dc.sign, 
to generate a direct voltage in the grid circuit which is much 
gi'oater than tlio direct voltege .supplied to the plate.' The riirect. 
plate voltage is supplied by a conventional rccl.i(icr, the voltage of 
wliieh i.s loii- enougti to offer no problems in poucr t i jinsfoi’mer 
design. 


Proc. THE, 31, p. 15S, Ajjiil, 1D43; Robert S. AfnuLiinr luici O. !l. Solmdr!, 
Television High Voltage R-f Supplies, ItCA Ree., 8. p, .13, Mnrcli, 1047. 

’ Robert I,. Freom.an and II. C. IlerRCnratber, i-JiKti-voilago HccLilicd 
Rower Suiqily Using Fructional-mu Radio-frequency Oscillator, I‘tuc. 
IHE, 34, p, M5\V, March, IftlO. 
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Voltage-multiplying Circuits.* l*1gure 7-40 shows a full-Arave 
rcctifipr cirL:iiit ill which the direct no-load voltage will be twice 
the crest value oF the emT across the secondary. It is very similar 
to the bridge circuit (Fig. 7-7), except that two of the tubes have 
lircn replaced by condensers. 

In order to explain the operation ol Ihia circuit it will be as-sumod 
that It has been in operation sufficiently long for all transients to 
have disappeared. During the half cycle that the left-hand termi- 
nal of the secondary wimling is positive, current will flow through 
tube 1, through the load circuit, and back to condenser Cj As 
will be seen shortly, condenser C± will, at the beginning of the lialf 
cycle, be charged to a potential somewhat less than the crest value 



Pio 7-^0 — VoUflge-doubliog circuit. The direct output voltcgo approarhes 
twice tbu crest arternatloK vullaec. 

of the secondary voltage. During the half cycle under discussion 
it will disclmrgo, adding ila potential to that of the seciindiiry und 
so increasing the potential delivered to the external circuit. At 
the same tunc condenser Ci will be charged through a circuit con- 
si'iting of the transfiirmer acoindary and tulwi 1. In tho next half 
oypic, the right-liand terminal of the secondary will be positive, 
and Cl will dischaige, causing A flow of current through Ci, the load 
circuit, liilic 2, and back throiigli the secondary vonding. At the 

I I’nr more detailed information on the performance of voltasc multi- 
pb'iiiK circuits the reader is referred to the following: D. L. Waidelich, 
Tlie Full-wave VoltaRe-doubhne Rectifier Circuit, 1‘ruB. IltE, 29, p. S&l, 
October, 1911 j D. L tVniduUchand C. II. Gleason, The TJnIf-wavc Voltsgc- 
douUUnE RceliGrr Circvut, Proc. /RB, 3Q, p. S35. Deceinber, 1942; TJ. L. 
IVaidclich and C. L. Shackleford. Characleristica of VoItagc-muItiplyinK 
Ilcctifiera, Pror. fffB,32,p >170, Angint, 1944; D. L. Waidelich and II. A.T. 
Taakin, Aimlyses of the Voilagc-tripling and -quadrupling nectificr Qr- 
cuits, pToe. IRE. 33, p 449, July, 1945 
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fame time, condeiisoi' Cj wdll be chai'gcd, aixci tho cycle will be 
repeated. 

Figure 7-41 shows the circtiil of a cascade donhlcr (also known 
as a iialf-wave doubler) which permits grounding of one leimiinal 
of both n-c input anrl d-c output circiiils since, unlike the circuit 
of Fig. 7-40, one lenniiial of both circuits is common. WHieii 
terminal B of the a-e input is positive, cuiTciit flows tlirough tube 



Fio. 7-41. Circuit of a cascade (or linlf-wavo) doubler. 

! oliarging condenser Cj to a potential which njiproiiohos the crest 
value of the a-o supply. On tlic next half cycle, when terminal A 
is positive, the voltage of condenser Cj adds to that of the sujjply 
causing current to flow through Uilic 2 and charging condenser Ct 
to a potential cciual to the sum of tlic supply ^•oltago and that of 
condenser Ci, a total approximatclj' equal to twice t!ie oiost value 



Fio. 7-42. Illiistratinfr the mctfaoil of expanding Uie circuit of Fig. 7-41 to 
any desired dogroc ol laultiplicalion. 

of the supply voltoge. Since condenser Cz must .supply l,hc load 
during a large part of the cycle between successive charges, the 
average voltage acro&s its terminais will ho somewhat less thou 
twice the crest value of the supply voltage, dropping with tlie load 
ill a manner similar to the operation of the condenser-input filter 
as described on page J99. 

Figure 7-42 shows how the circuit of Fig. 7-41 may he expanded 
to produce any desired degree of multiplication. If terminal B is 
used as the negative taminal of the d-c output, the potential at D 
will approach twice the crest value of the applied alternating volt- 
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uj^e, tlip ciicuil AliCD bciriR that of Fig 7-41 «hero the ssune 
notation used Similarly the potential at F will appioacli 
four times the crest value of the a-c voltage, ff terminal A is used 
as the negative d-c terminal, tlie I'oliagn .at C nil! approach fJie 
crest vaiue of the applied alternating voltage, anti Lhn voltage at 
E will approach three tunes the crest value Tliis process may 
evidently be continued to lii{d>cr voltages by adding more tubes 
and cordensera 

Voltage-multiplying cirviiits are used ivliero either tlio direct 
voltage lequired is so lugh that it is not economical to build a 
transfoimci of bufTick'ut vollaBO for one of the conventional half- 
wave or full-wave circuits, or where the direct voltage is to be ob- 
taiiuid directly from the a-c supply wiUiout the use of a trans- 
furmeT, as in certain types of ladio leceivers In the latter 
application the cathode heaters of the tubes are frequently designed 
to operate at 25 or 35 volts, wlienco threft or four hratcra arc con- 
nected in senes with each other and with a siiifablo resistor and 
bndged across the 1 10-volt a-c supply line 

The. use of vnltagc-miiltiplying circuits should be Avoided iinleaa 
the output ounent is quite email, because the rogiilatioti is poor, 
As may be clearly seen from Fig 7 '12, the higher voltages ate 
obtameLl by es-sentiully charging condenscis in parallel and then 
disebarguig tbeui ul series to supply thouiilput. Uiile.^s imrcuson- 
ably large condensers uru used, the vollage will drop rapidly with 
luereasuig load for the rwiscms given in eypUdiiiug curve Q of Fig 
7-38 for tho condenser-input filler FIucU larger condensers must 
be used than in the condenser-input filter sines sei eral aie con- 
nected in senes thus reducing the effective capacitance. As be- 
tween the circuits of Fig 7-40 and 7-41, the former Las slightly 
Iwtter regulation an<l lower npple while the latter has a common 
input and output terminal for grounding, an important considera- 
tion when no power transformer is used 

Special Circuits for Use with Ignitions. In general, igiiilrons 
may bo uisefl m tho same circifits as hot-cathode, raorcury-vapiii 
tubes Neverthelofw certain nuxiliarj' equipment hnecesaary to hre 
the igniter 

The method by nhirh this firing is accomplished is illustrated 
by the simple, Miiglfl-phase, Imlf-wavc circuit of Fig. 743. A 
small, hot-catliode, nieicury-vapor rnatifier R i.i used to proidde 
satisfactory operation of tlxi igniter I. In Fig. 7-41 the applied 
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potential is sliomi by Uie sine wave— partly dotted — of cur\'e (a). 
As tliis potential sf.arts vising in a positive direction after tlic time 
iiidioatcd at point 1, it Gmilly readies a potential nl. point 2 whom 


R 



Fio. 7.43.— Civeuit of an iciiilroii lulw and roiitfollijiK reotirinr. 


tube B bveivks down and passes eurront as shown in curve (c). 
This current vises with Ihc applied potential until fluilicient to cniiso 
an arc between Iho ignitor clcclro<le and the mercury i)ooI, at point. 
3. The anode potential (I'onvy 


line of curve a) is nc«v sufliuivnt 
to chaw th(i arc o^’er to the anrxlc, 
causing anode ctin'enl. to flow us 
in ciin^e (6) and tJie potential 
drop witliin the ignitron to fall 
immediately to about 16 volts. 
Since the drop within tube B is 
of this same or<fcr of magnitude 
and the drop at the igniter elec- 
trode is about an additional 10 
voll.s, tile potential between 
points P and K is insufficient to 
maintain cunciit flow through 
tube B, and the current tliroiigk 
the igniter circuit falls to zero, 
renmining zero as long as the igni- 
tron fiontiniics to pass current. 

As tlic applied [lolential again 
pas.ses tiirmigh zero at the end 



Fia. 7-M,— Currents nnd volt- 
ages in llio nirciiitof Fig. 7-!3. (u) 

VoUiiRc tictwceii anode and catli- 
odc of tlic iRiiil.roii. (ti) Oiirrinil 
flowini; Uirougli the ignitron.. (c) 
Current flowing tl\ro\lRli llio igniter 
circuit. 


of llio positix'e half tyclo, tlic current flow through the ignilroii 


ceases, d'hc presence of the .small rectifier /ji, prevents a i-e\-ci'.st‘ 
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current flow through tin; igniter ciiciuit, and consequently there is 
soIn(^^vIla^ less danger of flashback during the negative half cycle 
than in the mDreury-vaptw, hot-catliode typo of tube and veiy 
much less than in the mercury-arc tube where ionized mercury 
vapor is presKiiL at all times throughout the cycle. The tube, 
therefore, remains entirely inactive untii the applied potential 
agivin rcjLehes llie positive half of its cycle, when the process de- 
scribed in. the preceding paragrapli is rciieated. 

The application of this type of rectifier to any of the circuits 
previously dcscribecl in this chapter should he nbvicni.s. The only 
cliange required is the addition of the small rectifier for controlling 
the igniter cinuiit of each igiiitron. 

The current required for firing is comparatively large, being from 
10 to flO nm]i, hut tho total energy niquired is quite small because 
of the short duration of the firing pulse, generally of the order of 
iiiKiroRocoucls. For this same reason the capacity of the controlling 
rectifier need not bo so large as if it were required to carry a sus- 
tained cunv.nt of such magnitude, hlercury-vapor, hoUoatl^ode 
rectifiers are oapnble of safely pnsang currents of two to fivo times 
their continuous ratings when the duration of the pulse is much 
leas than 1 sec Nevertheless the demand os these tubes is severe, 
and special tubes have been designed for this service which have 
a ratio of {icak-to-avcragH current ils high irs 10 or 12. ‘ 

Special Igniter Circuits to Ensure Firing. One of the major 
problems in the use of igiiilronK fc? to nvilcc certain th.it Utc anofic 
will pick up the diseh.arge as soon as the igniter strikes. If it does 
not, the current through the igniter will coiitiniio to flinv until the 
anode potential does finally become sufficiently high to draw the 
arc This imposes such a lieavy duty on the control reotiCer aud 
igniter electrode ns to shorten their life greatly. It is therefore 
necessary to ensure absolutely that tlio anode, will pick up the 
current Qoiv ns euon as the arc is struck. TVTiere difficulty is esrperi- 
eneed, insertion of a resistance at point R in Fig. 7-43 will ensure 
satisfactoiy results. Tim nnndc potential at the moment of igni- 
tiiin i.^ equal to the total drop through tho igniter circuit. The 
resistance R evidently incrca.ses this drop .and so delays ignition 
until the anode potential has reached a somewhat higher value, 
say point 4 in Fig. 7-44, Simxi ignlticm takes place at a Jaler time 

' U. D. ICnowlfis, R. F. Lowry, and It. K. Gessforil, A New Welder Tube, 
Eleflr/mtes, 9, p. 27, November, 1030 
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in Ibc cycle, the average anode eurrenfc will be less; therefore, it is 
desirable to keep the resistance R as low ns possible if the full 
capacity of the tube is to be realized. 

Another method tliat scHnetimes proves satisfactory is the inser- 
tion of an inductance at llic point R {Fig. 7-43). The, inductance 
will inaintain the potential across Uie igniter circniit for a brief 
time after ignition takes place, regardless of the potential diffei'eiice 
across tlie ignilron itself, and so 


increase the probability rf the 
anode picking up the cunent 
flow. 

Other Types of Firing Circuits. 



( 0 ) 


Elimination of the tube B from 


the ignition circuit would seem 
to bo a desirable dovolopment, 
since its life is limited under the 
high peak currents that it must 
pass in tlris service. Many at- 
tempts have been made to devise 
a circuit witliout vacuum tubes 
that will ensure ignition and yet 
interrupt tlio current to the igni- 
ter after ignition and prevent its 
flow during the negative half 
oyclfl, the most promising of 
which involve the use of satu- 
rated iron cores. It is well 
Icnown that the current flmv 
through a saturable reactor, witli fc) 

sinusoidal impressed cmf, is Fic. 7-45. — Principlo of oporalion 
highl, a, in Kg. 7.45a. faZS'?™. 

This is due to operating over the 

range x of tiie Iiysteresis curve (c). Sucli a peak of current may 
be sufficient to ignite tho arc in tlic igniU'on, but unfortunately tiie 
same peak occurs during both positive and negative liaif cycles 
and would probably cause arc bacic. If a suitable direct cur- 
rent is also passed through the cirouit, however, tiie negative peak 
may be eliminated, as in (6) of Pig. 7-45, by confining operation 
to the region y of the hyslerc^ loop (c). 

In practice, the saturable reactor is connected in series with the 
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ignitur of tlie tube, rnfl a direct ranrent is supplied by a small rec- 
tifier, iiMially of the copper oxide typ®-‘ Care must be exorcised 
to supply the proper phase of altemaling current to the igniter 
circuit to ensure ignition^t the desired point of the cycle This 
can he rionc bv proper tRinsformrr coniiecluins from a tlirce-iiliiisc 
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to supply tlio d'C power for the imdei^round traneporfciitiou sys- 
tem of a large Wcsten» mine. F^re 7-47 shows a similar rectifier 
which is fully portaliJe and may be moved around iiisiile t.hc mine 
as needed to keep the d-c transmission distances low. The indi- 
vidual ignitron cells aie readily distinguishable in both figui es by 
the cooling fins on the anode terminals at tlie top of the motJil 
envelopes. 



Fia, 7-47.— Portable urniergroumi auUmiullc ignitron reolifler; 

4000 volts, 3 4>, to 27ft vi>)l», 0-B. Elcelrie Corp.) 


Special Circuits for Mercuiy-arc Rectifiers. In gononil, mer- 
cury-arc rectifiers are of tlio polyphase tyTia and are used with 
the double-Y circuit of Fig. 7-J3 or the fuH-wuve circuit of Fig. 
7-]l, the bridge circuit of Fig. 7-lC Ixsing ujisititablo owing to tho 
use of a single ealliodo in a polypliase meremy-arc roctificr. J'^iguro 
7-48 shows the' connections for a mercury-aro t.ubo in n doiiblc-Y 
circuit. In addition auxilmry circuits must Iw supplied to .skirt 
the arc, and a kcejj-alive circuit or ©yier moans must ho provided 
to prevent e-Ntinguisliing of the are during momentao' cossntinns 
of current. Tlic operation of these ftuxiliarj' etrcuils may he.st bo 
illustrated as apjiiied to a simple sdiiglc-pliasc circuit using the now 
oteolclc glass-cn\’elope mcvcuiywirc tube of Fig. 4-11. 

The circuit for this tube is shown in Fig. 7-49. It is essentially 
the same as that of Pig. 7-6 except for Uie auxiliiir.i’ circuits re- 
quired for starting and mainlaining the arc.' The arc is started 
by tipping the bulb until tho mercury from the main pool runs 
over into the starting pool S, closing Ac circuit through the cur- 
rent-limiting resistance 72 and une-lialf the secondary winding of 
the auxiliary t.ransformer T-. Hie bulb is then returned to its 
noiinai position, and the arc is fonned as tlie pools separate. The 

‘ See p. lOS for raelliotis of starUng. 
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arc quickly jumps to the kecp-alive nnoclcs Ki, A'*, and current 
then flows throuRh imi'.-linlf the auxUiavj' transformer Tt andaivode 
A'l to the cathode C during one half c 3 'clc of the impressed alter- 
nating voltage anti thrcftjgh tlie other half of the transformer and 
the other anode 7va eiurinR the eeconcl half cyclo. Tliia entire 
circuit IS termed the keep-ahvc, and its purpose is to maintain 
sufRcient loniention of the Rps uitliin t!ie tuho to p ermi t stable 
operiition of the main circuit thiough anwtea /*i~ana~'i^rrggntcile33 



of the loaii. I'fie voltage is low, and the cnergj' eonsucnecl in this 
circuit is comparatively small. Nevertlreless it does constitute an 
appreciable loss m Inw-vnllngc, low-pciwcr rcctitiei^. 

The How of current through the tube U unidirectional, though 
pulsating, since the anodes uttraub electrons hut do not emit them. 
The temperiiturc of the anodes is kept sufficiontlj’ low to prevent 
the production of electron cntissiou at their surfaces by thermionic 
action; and since they arc located at the ends of long aims, there 
is Iittic tendency for the slower moving positive ions to reach them 
and so produce a reverse current. 

The voltages of t.hii secontlaiy of transformer Ti are shown in 
7-50, curve (o); and tlie current Uint flows through anodes 
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Pi and Pi, neglccl’ing ti'ansformer leakage ucactance and assviming 
a resistive load, is shown in curve 0»), the tube dioi> being assumed 
constant throughout tlic eoiiductii^ period. It will he scon that 
there is a period of time during which no current flo^v.s. If 
it is assumed tliafc no lajcp-alive circuit is being used, i.c., Ki 
and Ki are diseoiinceted, the arc would bo extinguished at time 
h when the current went to zeix), and the lube would stop func- 
tioning. lliis may be remedied by inserting inductance in the 
circuit so that the current in one anode will 1x5 miiintaiiicd by Ibo 
back emf of the inductance until the other 
anode starts to pass enrrent. The current 
flowing through the cathode lead will tlicn 
have the appoanincc of curve (c). 'riiis 
indiiotance m£^ be supplied by leakage 
reactance in the Irausfonner or by the in* 
sertion of an additional inductonce in 
series with the output circuit. Small- 
sisud I'cutifiei's are sometimes l>uill without 
keep-alive anodes and operated in this 
manner. 

The ineortion of inductance into the 
load circuit is often undcsinible. For 
this reason ail large-.sise rectifiers use a 
keep-ali ve cu'cui t "whicir T5llSt~inl:1udc 
sufficient inductanc e to inainlnin me arc. 

(In Pig. 7-49 the laBer inducBmcc is pro- 
vided l)v_thc-iiuit L.) 

1 Polyphase mercurj’-arc reclifiers may 
I be operated without a keep-alive circuit 
and without inductance in series, since the 
' voltage on one anode does not drop to zero until after another 
Unode has picked up tlie load. However, kcop-alivo circuits are 
'normally used to guard against oxtiiiguisliing of the ai'c by 
momentary removal of tlie load, although only sulficicnt nusilinry 
equipment to operate one pair of Iceop-alive eleoLrodes and the 
starting circi\it is needed. 

Operating Characteristics. TJio regulation of these rectifici's 
is deterniitied primarily by the transformers used, sin ce the, tu be 
drop is virtually indepcii dent of tltc amo unt of bad hciTig_cnri'w?d , 
Their efficiency is iso quite hi^, langing as liiglT as 90To”97 



l-'re. 7.50.-VolttiBOH 
ftmi (iiirroniB in the cir- 
cuit i)f Fig, 7-19, (a) 
SccoDdtiry voltiigss of 
transformer J'li (t) 
iukkIc current without 
series inductance; (c) 
aiiotJi! current willi 
goricB inductance. 
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per cent dependinf; on the voltugc untl poM'cr rating, tins higlirr 
eflicicncie^ being obtained at Iiigli voltage uml power outputs 
TJte loner efficiency at low voltages is due lar gely' to th e fi\cd tube 
drop of 15 to 40 volts At low output voUnges this corislltirrcjli 
rather high peTcenlagc of the total drop, v^hercas at high voltages 
iL may become practically negligible. At lovv-powcr outputs tlie 
keep-ulive circuit drops the efficiency, since it draws a continuous 
load uf 100 wattb or inoro regardless of tlic total power delivered 
by the tube This is, liow^ver, coiisidcratily less thou the power 
required to heut tlie cutliodes of u bauk of largo-capacity mercury- 
vn.por tube.-' 

Controlled Rectiflers. It is often dcairuMo tu vary or arbi- 
trarily nrljnst the voltage of a rectifier between certain limits. In 
evpenmontal work, for e\.tmple, a rectifier capable of rielivering 
any voltage from aero to its maximum is often very useful. One 
means of so doing is to provide sep.aratc transformers for the plate 
and filament supplies with a variable t'oUage n-c source feeding the 
plate transformer Another method is to uso grid-controlled 
rectifier tubes in which the amount of current pa‘>suig, and there- 
fore the output vollogo, is coutrollcd by varying the potential 
applied to thu giul. Still another is to insert a grirl-cuntrollcd 
tulx! Ill faene.s with the (l-e output to control the nmoimt of curriiiiL 
flowing by varying the effective scries tcsist.tnce. The latter two 
methods arc discuwed m the ensuing cluvpter (see pages 22.^^ and 
2S7). 


Problems 

*t-t* The output of a futl-w.iVR, cjegto-ptiAse rectifier siiailar to Fir Y-3 
la filtered by a single 1,-sectKWi falter The curve of tube drop for eacli tube 
13 given by curve I, fin. 3.3 "ilie trniisformer eeeoudary voltage is 450 
volts rms eaelisiUe of the venter tap. The filter Inductance has arcsistunte 
of 150 ohms Caleulftttt and pint, & curve, of direct output voltage vs. ilircCt 
load current from 0 to I.W ms, (Assaoie juGoite L utnl *erp U-ansformcr 
reactance ) 

Y-2. Repeal Psob T-i for tl«c bridge circuit of Fig 7-7. Thctranslormev 
secoudaiy voltage is 450 volts rma. 

7-3. A half-wave, single-phase rectifier (Fir 7-lJ is to be designed and 
Trill be used for supplyieg jp-jd biastoaoumplifier. The filter conisiate of a 
condenser only, and the arcsistonec of 250 pOO ohnva bridged across 

the termiuala of the rectifier. Tfae desired bi.ag voltage of 300 volts la set up 
across Ihia resistor. If the maTimum chaiitse m voltage across the ron 
densc-r ia not to exceed per cent of Uie outputvoUttSC,v.h4tBUould be the 
capacitance of the filler coudenacr? Aesimii; amplifier grid current is sero 
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7-4. T)ic output, voltage of a rcntllicr is to 1)0 10,000 volts ;it full 

load, and an L-.-iOClion Biter is to bo used. Wliut voltasn is imprcssod across 
the filter ooiidcnser at no load when UsiijB Uie followinK rirciiilH; (n) Fig. 
7-1, (6) Fig. 7-3, (c) Fig. 7-7, (d) Kig. 7-S, (c) Fig. T-10, (/) Fig. 7-11, (?) 
Fig- 7-13, (h) Fig. 7-lB? (Neglect drop in lubes, cliohe, and IvHnsroi'merB.) 

7-B. Compute ail the values called for in Tabic 7-1 for the circuit of 
Fig. 7-11. (Follow llie inetboil of Appendix D.) 

7-6. (a) Solve foi' the second and tliird harmonics of llic riiijile ciiiTenI 
flowing through tlto intluclanco of Iho cxiuuplc on page 1(17. (/>) VViiat, 

voltage does eacli liiirmonie of part (a) set up xicross the output, lenniiiiil.s? 

7-7. A fuil-wnvo, sinple-plmse roctificr lias a transformer seeondary 
voltage of 375 nns each side of the center tap. It is to deliver Ji curroiil 
whioli will vary from 10 n>a minimum to 50mn maximum. Nogloclitig tube 
and transformer drop (o) wlint is (Iw miniimim inductimee rnfitiirod for nil 
L-scctioii filtei'? (W What is the peak eun-ciil |)cr tube at ninximuni loiid.'' 
(c) Wliat is the inverse peak voltage l>or lultc? 

7-8. A single-phase, full-wavo iTsctificr lias a sccondiiry voUiirr of 375 
rms each sidn of the center lap with n full loud rating of 20 mii. The out ptil 
is filtered by a two-scoliou, iiiduci.ancc-iiiput filler like that of Fig. 7-30. 
If Cl and Cs in this figure arc each 4 jif nnd Li and L- are each S lionrys, (n) 
M’liat is the per cent ripple in tlio output? (b) Wliiit is tlic per ooiit. rlpplo 
if tliR iiiduoUiiccB and capucilnnccs arc lumped into a siiiglo-sucMon filter 
such na that of 7-22, where L will then lie IC Itcnrys and C, 8 pf? (n) 
Wliiiili iiiroult provides the more effective filtering? 

7-0. The real.ificr of Prob. 7-8 is to be operated into llie pi-sccl.lon filter 
of Fig. 7-21, where C*aml C are J>if each and Fy is 10 honrys. (o) Computr 
iR, uf Fig, 7-87 at full load, (b) JOeterniiuc the fuiKUimeuliiI coinpoiicnt 
of the resulting voiUigf,- .across C’», following a pr<jccduro Bimllar to tluit of 
Appcndi.x C. (e) Compute the jier cent ripple due to the fundiituciitiil 
coiiiponoiit of the ripplo voltage across C. (d) Compare t.hcso rcsuhft 
with those of Prob. 7-8, where the same total inducUmec and uajjnnit.iincn 
were used. (Note this is not an entirely fair coinparisnu since there tu e 
rather large higher order harmonics present here.) 


Design Problems* 

7-10. Design .1 I'celiScr from the following spooifiiiatione, using « tliree- 
phnsc, double-Y circuit, J.-scelion filler, and high-vacuum tubes. Assume 
the tube-drop curve to be given by 4 — 12.5 X 1«’‘ X (I'J,)"- luiip, where 
AV is in volts. 

Speciiication.s: 


Oiil.pia ill kilowatts 10 

Full-load terminal voltage 5000 

Maximum ripple in output jier cent 

Maximum impedance fo load in ohnia 500 iiL 40 oyolos 

Minimum lead current t^o! full load current 


' The Boluliou of the following problems ig sonicwiint long 
nioiilB should be made accorClnglv. 


and assign- 
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Cse .1 with a po\\M lactor «t20pcrcmtaii<l a baUnce coil wUh 

a pawrr faslot of 2 j>ct cciil, bath taLan at 60 ctcics. In the desiRn specify 


the in^eree peak xf>haj!r, peak eiirrent, anti average current of the tiihes; 
and corapule and plot curvea of eI8ci«icy aiiit voUi'KO output vs direct 
load current I'llament loss, 6011 aatts tier tube (Assume power and 51a- 
ment trniislormrr rITicteneica of 07 per e<^t The elTicieiicy will actuilly 
vary with lout, hut little error nill result by aasuiiiing it constant, except 
at very liglit loads ) 

7*11> Design a rcctiCer from tlic folloMinE BpcciSe.alioiii!, using a three- 
pliasolindge circuit, l,-scctioh filler, at>«3 bot-catliode. mercury-vapor tubes. 
Asfliirae the tube drop tft he 12 volts, independent of tho amount of current 
flowing. 

Specifications 


Output in kilgniitts 
F>itl-load terraiaal voltage 
MoMmum ripple tn output 
Mo'ttutuui intiiedaucc to (outl in ohms 
Minimum load current 


ID 

7500 

'i per cent 

COO at so evvies 

‘i of full lond current 


Use a filter choke with a |>o»i-r fsetor v( 20 per cent at 00 cycles Filuinent 
toss, 50 Willis jiep fiiho In lliAilesign epec'ly the sarae ciunii titles and plat 
tho s line curves asenlli'd (or In IVoli 7-10 (esrepe, of course, for the bnianeo 
cell) (.Assume the state transforincr ellicieneios as tii IVub. 7-10.) 



CHAPTER 8 


THE VACUUM TUBE AS A CONTROL DEVICE 

Insertion of a grid into the vacuum tube gave it tlie i)i'operties 
of a control device. Thus it is posable to apply a voltage to the 
grid of a tube and control large amounts of power in tiic plate 
circuit noth but little power being consumed from the controlling 
source by the grid circuit. 

Grid control may be classified as (1) uniform control and (2) 
“on-off” control, With uniform control, tlic cun-ent flowing 
through the plate circuit is at all times under absolute control of 
the grid, small variations in grid voltage Ijoing accompanied by 
small variations in plate current. Generally speaking, only high- 
vacuum tubes are capable of performing this type of control, 
Qaa-filled tubes are uormally capable of providing only an on-off 
control^ t.c., they will permit eitlier tJie full flow of current through 
the plate circuit or none, but cannot graduate the flow between 
these limits. Actually this is true only for instantaneous values 
of current and voltage, and gas-fillcd tubes can l>c used to ^'a]'y the 
average flow between sero and a maximum, where the average is 
taken over one cycle of an a-c supply (normally CO cj'oles/scc, 
since gas-filled tubes arc commonly used ui the control of 60-oyclc 
circuits), 

1. HIGH-VACUUM TUBES 

The high-vacuum tube may be used to control tlie current 
flowing in a gi-^'en load by means of the circuit of Fig, S-1. Tlie 
grid battery voltage is equal to or sliglitly grealer than the cutoff 
voltage of tile tube, ITius no plate current will flow wlicn tlic. 
potentiometer P is moved to its extreme left position, wlicreas 
moving the potentiometer to its extreme right position wil! in- 
crease tile load current to a maximum. Other potentiometer 
positions will allow any desired ciirivjit flow between these two 
limits. 

The moving arm of the potentiometer of Fig, S-I may be oper- 
ated by means of a delicate ccmfrol mechanism with which it is 
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dcbivetl to control the current tlicon;;]! the load. The poten- 
tiometer itself may be wire wound with ft sliding conlnct; it may 
be a lif\md \'Uii an immci-^rl enntnet moi'ing lietween tivn fixed 


plates III tlie litiuid; 



may Iw some other' doeiee capable of 
ijii^'inp potenlia! hut inenpaWc of 
linndhng an apprfciable ciirrrnt. The 
il-c MinrctH for grid nntl plate voltages 
iiiaj Ijoicetifiers or other siiitalile snirrces, 
insle.nl of liatteno ns diuwn 

A-C Operation. The eireiiit of Fig. 
S-l tnnv Ilf* opeTjtPti entirely from nn 
n-e supply, ns in Fig S-2 find uni 
plain voltagits nre bnlh wippliixl from o 
fringle tmnsformor tnpped nt smtable 
puintb The power fur lientiiig llie enllKaJc imiy Iw tiiken from 
uiiotliur w indnig on the Kinir tran-Foriner. not .-.hown Tlio plntc 
voUagu IS Mipphod litTwrcn pomti 2 and .*} and l^ shown bv ciino 
1 of i'lg b-3fj. The dolUil eunc 2 of Fig 8-3(» is tlic eutofT 
voltage of llie tube -o that no plate earrent 'sill How if Hio grid 


I’lr, H 1 —Circuit of a 
liilih - liicuum tul>r ii-ed 
If) control tlic ciirront 
ftonitig (lirougli n load 



Fio 8-2 — Circuit of Fig. 8-1 Fi<j 83 — Curves of volupc 
but ttith an a-e SUiiiily and corr«rnt for tins circuit of 

I’m. s- 2 . 


voltage IS nt all times equal to or mt>re negative than this \-oltage 
during the positive half ci-cle of plate mpply. Tlie range of 
volUigc vuriution of the potentiometer is ehomi by the shaded 
sections T^g plate current will lliu-s flow during the positive 
half Dyck'S of plate ^•ollage in a magnitude depending upon the 
positiou of the potentiometer. Such current flow', for a position 
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of the potentiometer tfent pro\ndes a giid voltage more positive 
tlmn nut, off, is indieated by the shaded area of Fig. S-3h. 

The i-esistonce R in series with the grid of the tuiic in Fig, 8-2 
prevents the flow of excessive grid current during the po.sitivo half 
cycle of grid voltage. The plate volfegc is ucgatir'c iit this time; 
s.nd as M’as siiown in Cliap. 3 (page GO), the gi'id oiirrenb is a maxi- 
mum nhen the plate voltage is zero (even more so, if negative). 


fia. 8-4. ModifiouUoii nf Vig. 8-2 xvhicli provides a aioro uniform flow of 
uurt'cnt throuKli the load. 

Tims the grid current that would flow withoul, the rosislance li 
miglit he sulflcicnt to cause damage to the tube or to the poten- 
tiometer. The presence of this rcsistoi-, oven if it is se\-ornl 
thousand ohms, will not allect the normal operiii ion of the (ulio, 
since the grid is negative at all 
times during plate-current flow 
unci the grid current will be zero. 

A more uniform flow of cnrrcnl 
through the load may be secured 
by the use of two tubes (Kg. 

8-4). The plates of the two 
tubes are energized from oppo^tc 
ends of a single transfonner so 
that the plate of one will be positive whenever t.hc other is nogntive, 
wheieus the grids are so eneq^zed tlrat each is nut of ijhaso with 
its plate by 18Q deg. Thus each tube will iierform exnot.ly as 
did the one in Kg. 8-2 but \vill pass current duving altenmlo 
half cycles of the supply The plate cnrronl, will I, lieu flou' in 
successive lialf -cycle pulses (Fig. 8-5), the magnitude of the pulses 
lieing a function of the position of tlie potentiometer. The cur- 
rent flowing is therefore a pulsating direct current. A reasonably 





0 It Jti 5i\ 

Pio. 8-.5, Otirrisnii flaw tliroucli 
llio load of FiR. B-l. 
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steady direct current may be obtiiined from this circuit by using a 
condenser in parallel ■with the load to maHitisin constrait voltage 
throughout the cycle, or a complete 1^- or pi-ser.tion filter may be 
inserted, as this unit is actually a full-wave, single-phase rectifier 
with grid control. (Compare this circuit with that of Fig. 7-3, 
and note the similarity. The d-c output of the latter figure cor- 
resijonds to the load of Fig. 8-4.) 



A-Csvppfy’M 

Fic 6 9— Mothfloationcf thecircuiiofPie 81 to provide a true alternating 
current through the loAd 




Fig 8-7 — Current flovk in Ihe cirenit of Fijj 8-S, (a) and (fr) show the 
current Honing in each tube, and (c) shows the load current. 


It often happens that the load should be supplied with alternat- 
ing current, rather than mth direct current as in Figs 8-2 and 
S-4. Figure 8-6 shows a modl&catvon of Fig 8-4 by means of 
which this is accomplished. The plates of the two Lubes are again 
energized 180 deg out of phase but by wiparate transfoniiere (or 
by separate windings on the same transd'ormer), and tiie grids are 
energized in exactly the same jniinuiir us in Fig. S-4- The load, 
however, is supplied tLioiigh a transformer that reverses the polar 
ity of the eruf induced by one plate current with respect to tliat 
of the other. The plate cutrent of fme tube is shown in curve 
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(o.) of Mg. 8-7, and that of the other is sliovvn in (&) of the same 
figure, with curve (c) tlicu illustrating the resulting current flow- 
ing in the sccondury of the transformer Tt, wheie the half cj'clos 
of cui VO (i>) lia'^'e been inverted by tlie action of the transformer. 
Tliis secondar 3 ' current is a true alternating current, the magni- 
tude of which is under complete control of tlic potentiometer P 
although, in actual practice, it will not be quite sinusoidal, owing 
to noiilincarif.j' of tlio tube characteristic ciUTCS. 

Operation of Mechanical Re]a 3 rs. It is often desirable to operale 
a meohanicJit relay fram a set (rf vety delicate contact points or 
by means of a photoelectric cell or from some other soui'ce tliat 
will prorudo a change in voltage with but little power cupfu-ity. 
Tlio vacuum lube is ideal for such purposes, nnd iji many cn-scs 
eitlier a high-vacuum or a gas-filled tiilx) may be used. If tlio 



relay does not require too much current, howc^’cr, the iiigli- 
■\facuum tube will probably prove cheaper and simpler to operate. 
For hcavy-nuvrenf; relays the gos-fillcd tube must I .10 userl in cir- 
cuits presented in Part 2 of tliis chapter. 

A simple circuit for operating a relay is that of Fig. S-8, which 
is similar to that of Pig. 8-1 except that a switeii 1ms replaced the 
potentiometer, .and the relay sei-vcs as tlio load in tlic jilato circuit 
of the tube. The batteries may be rephiced by rectifiers or other 
d-e sources. 

When Uie switch is tlirown to position 1, the grid is made suffi- 
ciently regati^'O to preyent the flow of current to the pis.te, and 
the relay will not operaf,e. Throwii^ tlic switch to position 2 
apjilies a positive voltage to the grid and causes a plate current 
to flow, closing the relay contacts. The amount of po.sitivc volt- 
age applied to a given lube must be sufficient to pas.s the current 
required by the relay, nic voltage must not., of course, be so 
high as to endanger the tube or to cause an excessive plate current 
to flow and so overheat the plate. If the relay requires more cur- 
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rent tlmn tlin lube can safely pass, a tube of larRcr capaeily must be 
Used 

■J'iic aiiiuuiiLof power ro<iuirc«lin Uusbik! circuit of tliis vacuum- 
tube rclaj' IS not larRe Tiie current flon'ing in tlio grid, e^-on n lien 
m.iilc positive, IS small. The switch slioiMi may actually consist 
of very cleticntc contaets whicli ate incapable of LaniUiiig any np- 
priHiiablo ciurent. 

Theic IS no nrcil to insert n lenirfliir in series witli tlie grid in tlic 
circuit of Fig S-S to limit tbo grid current, ns nns done in the cir- 
cuit of Fig 8-2 The iniignitudc cif the positive voltage that must 
be applied to tlic grid of the tube is determined by the magnitude 
of the plate current reipnrril 1« operate the relay, niid lliis is the 
voltage which should be supplied by the positive battery. In- 
sertion of a resistor would reduce the ernl voltugo an ucll an limit 



Fie 8!) — Circuit of a loiv-mii triode used to operate n reley. 

the current and might prevent opetalion of the rcla>’. An eveep- 
tiun to tills statement might bo made if the source of supply for 
the positive potential was unavoidably larger than necessary, 
whence u resistor micjit be inserted of sucli sire ns to drop the po- 
tential to tho minimum needed to operate the reluy. 
w-Tlic power dr.\i\-n by the grid of n vacuum-tube relay may be 
made viitually zero hy the use of a low-nui tube-^ Such lubes re- 
quire a M-iy high nogatii'c voltage in order to secure cutoff; there- 
fore. they will p.a« a comparatively' liigli plate current with either 
zero or n hm , iirg.ative bias. Tlie circuit to be used with such a 
tube la sliorni m Fig, 8-9. Tlie C buttery is of siifHcienl voltage 
to bias (he tube to cutoff so that, as before, thromng the su itch 
to position 1 will prevent the flow nf plate niirn-nt. With the 
switch in position 2, bouever, a largo plate current will How, 
even though the grid is still a small iimount iicgiifive. The cur- 
rent drawn hy the grid under the^e conditions is negli^ble, since 
the grid is at all tirriffi negalh-e. 
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All objectjion to tfie cii'cuit of Fig. 8-0 is that tlie gfid of the tiiiiR 
is fice duriug the time Uie snitch is moiiiig from position 1 to 
position 2. As n-as seen in Chap. 3 (page 54) tin; free-gikl poten- 
tial is only I’cry slightly n^it.h'e, and Uie plate ciii'reiit flowing 
during the time tlic sivit45h is not making contact with citlicr point 
may be excessive. This may be avoided by merely connoet.ing a 
high resistance between tlie grid and terminal 2, ns shew-n by the 
dotted line in Fig. 8-9. It wouW then bo necessary only to open 
the snitch from position 1 to cause the desired plate ctirront to 
flow. It is true tlint tJie use erf suclt a rcsiatoi' will cause contact. 1 
to cany a small cuiTent, but the resistance can be of the order of 
hundreds of thousands or oven millions of (Aims, and thus the 
current need be but a few microamperes at. moRi,. 



Pio. 8.T0. — Moilificolion of Fig. R-lt using n-o sujiply. 

A-C Operation of Relays. It is frequently more convonicaii. to 
supply tbc relay tube with a-o than with d-c power. Tlii.'? may l)o 
done by modifying the circuit of Fig. 8-9 to one like Fig. 8-10. 
Here the secondary'' of a DO-cycle transformer is tiipped to pi'cnddo 
plate voltage between points c and d, grid bias sufficient, to pixn'ciit 
plate-current floiv between points e and a, uud grid .bias sufficient 
to pass the desired current trough the relay between point.s c and 
h. When the switch is closed, no current will flow through the 
tube; when it is open, plate current will flow during the half cy<;iR 
that the plate is positive, giving a scries of half-cycle inilfics tliroiigli 
the relay. A condenser may be used, a.s indicated by' tlie dot.tcd 
lines, to smooth out these pulses, maiatuiiiing a nearly constant 
current through the winding and thus preventing chattering of 
the contacts.' 

' Strictly speaking, tbc presence of tlie condeneor will niter the current 
flow tliruugli the tube, producing short pulses of high current ns in the 
condenser -input filter (see Kg. 7-24, p. 183). 
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The operation of tlm circuit of Fir. 8-10 may he more clearly 
seen ^vjth the aid of Fig 8-11 Cunx; I is a plot of the plate volt- 
age, atvd the dotti-.d wrve 2 k the voltage that v.-iU iust preveat 
the flow of plate current during the positive half cycle of plate 
vultago Curve 3 is the transformer 
voltagu upjilicd to the grid through 
resistor Ih u'licii the switch is closed. 
It may lie seen that this voltage is 
sullicicntly negative to prevent pui^ge 
of any plate current diiniiR the positive 
■''4 \ / half cycle of plate voltage, and, rf 

N-L-/ cotirse, no current will flow during the 
Fio 8-U — Ilclativo uiiigni- nogntlvc half cycle regardless of tho 
iS^ voltnges of magnitude of the npplird positive 
■ grid voltage. Thus no plate current 

flows riiiTing the time the switch is closctl. 

IVhen the ewitdi is opened, the transformer applies ti voltage 1 
to tbo grid through the resistors Rt and Rt- This voltage is seen 




Fio. 8-12.~Circuit of a racuvm-tubo voUngf! regulator. 


to be more positive tlian the cutoff voUage 3, and plate current 
will flow throughout the ptwtive half cycle of plate voltage. 

The resistance Ri serves the some function us flic <lDltetl one in 
Fig 8-9. The resistance /fj limits tlic flow of grid current during 
the positive half cycle of grid voltage in the .s.-ime manner as R 
of Fig. 8-2. 

Voltage-regulated Power Supplies.' Tlinre arc many upplica- 


' For more detailed information on voUnfSi-rrgiil iteil poncr supplies, 
see tho following Alexander B. Bcreslijn, Vc^lage-regulaled Power .Sup- 
plica.Proc 7RR,81,p 47,Feb»uMy,1943;Yf.tl. Jiill, Jr., Anaty»s of VoH- 
age-reeulator Operation, iVoc. /*S,33, p. 38, January, 19-15 
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tioiis usiag direct current from vacimm-tnbo rectifiers \\'heie .spe- 
cial means must be pi-orided to mainlain a constant output 
\'o!tagc. One such (rcirmplc is the d-c amplifier described on 
page 307. Ifigure 8-12 shows the circuit of a typical regulator 
which may be ennneeted across tlie output f.erminals of any of the 
rectifiers and filters previously described. With n circuit of this 
t 3 'lje the voltage may he kept constant to within less than 1 volt 
with a normal output of a few hundred volts. Since t.lie regulator 
tends to maintain constant voltage, it will maleri.ally reduce any 
ripple tlmt may remain in tJic output of tiie filter supplying the 
regulator ; thus regulated power supplies not only provide a voltage 
which is independent of variations in supply, voltage and in load 
but which is more thoroughly filtered tluiu Uiat of any rcnsonaf5l,\' 
designed unregulated supply. — ^ 

The operation of tlie cireuit of Fig. 8-12 is as follows. Tube 1 
is connected in scries with the output and the voltage on its grid 
is varied in such a manner as to maintain a nearly constant output 
rmltage by changing Uio drop through Uio tube wbeuct’er there is a 
change in the supply voltage or in Uic load doniurul. The grid 
voltage of tube 1 is controlled by Uio plato current of tubo 2 since 
this ourront dotci-mines tlic drop acio.ss Ri. The grid voltage of 
tube 2 is in turn controlled by the voltage across Ra whicli, ns is 
evident from the circuit, is proportional to tlio uutptit \’oltago. 
Tube 3 is a cold-cathcxle, gas-Hlletl, glow-disehargo tubo whicli 
maintains a constant difference in potential nero.ss its Lorminnls 
as long as current is Wowing through it. Jtesistor Ri su]>plies 
the necessa.iy current to maintain a discharge through tlie tube. 

Bxampte. Tlie reason for iiring a cold-catliodc tv1}c ratliur tliun ii re- 
sistor between points a and o nifty best be cX|>taiiiecl by tiHiiip; a iiiinicricitl 
example. Let tlic output voltage be 275 and lot the drop in l.ulio 2 at tierinnl 
plate cunent be JOO volts. The grid of tube 1 shoulil be soniowlint iittgaiivo 
with respect to its cathode, Bfty 25 volts. If llio potoiitlai of the negative d-(! 
load is used ns reference Uiepotcntinls of various parts of the circuit will bo: 
point c, 275; point 0 , 250; |H>inlo, ISO. If t2ic grid voltage of Lubs2must be 
5 volts negative with rcS|joct to its cathode give nnnnnl eurrciit the po- 
tential of point h should be 145 volts nnd the rcbisUirs 7?i and I{, must be so 
inoportioncd as to give this voltage with 275 volUs oiilpiit. If the oiilput 
voltage is now assumed to cliangc to 270, tlus potential of point b wii! be- 
come 142.5 volts. But tho cathode potential of tube 2 Ik mnintiducd at 160 
volts by tubo 5 bo that tho voltage between grid and catliocJe of lube 2 is 
incrc.-ised negatively fiom 5 to 7.6, thereby dropping its plate ciirretif., de- 
creasing tho current through i2i, and making the grid of tube 1 more positive 
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(less negative) hy QQ amount Itiat depeuda upou the gain of tube 2. The 
drop lliruUKh tube i is thew+iy reduced and the voltage Bcroas the load 
again iiars, approoching the uriEinai 275 llie output voltage caniiut be 
ruised to vaactly 275 by this circuit aince aotnc drop m voltage la required 
to cause the regulator to operate, if tube 2 la a high-mu tube, the output 
maybe kept eon slant to uitkun a small fmction of 1 per cent. Pentode tulica 
arefrequcntlj used hecauauol tlxnt IngK g,»n,Uiic acieen-gvid voltage being 
obtained from a am tnhir. tap on Rt or ffi 

Now Euppoau tliat a lesistur had been used between n and o, Fig 8-12, 
itiate.id o( the rold-eathorlft tube A change in output voltage of S would 
then have reduced the potential of point o in the same ratio as that of point 
b, and tlie change m voltage between grid and eathodc of tube 3 would 
Iiavc been very small (Tlie ehongc would have been (I50/27S) [275-270) — 
(115, '275) [27A-3r01 0 001 volts, whers ISOofid 145 oru the original voltages 

of the e.atliodo and grid, rcspccUvclv ) With the cathode voltage main- 
tained eonstont b} the oold cathodo tube the vntire voltage elungo in the 
output circuit le applied hetwpcn grid and cstluule of tube 2 eteept for the 
jpproYimately tu o tu otic reduction ihrougli Rt and Rt (The change would 
be [l-l5/275)(275-270) - 2 5 volts ) 

A principal objection to this type of voltage regulator is its lov 
oflioienoy The chop through tube 1 is normally of the older of 
500 vnhis or morn svn that for oulpnt voUages of a few himdred 
volts, for which tlic regulator is most commonly used, the loss m 
lube 1 iK a coiUiiderabti! poi lion of Ihv lolut pow »r supjiIuKi to the 
rogiilntor On the other hand the total power handled by this 
t>-po of regulator is ustiolly not more than a few hundred watts, 
and till! loss uf energy in lliu regulator is of emnll importance con- 
sidering the e\.cellont voltage regulation obtainable. 

It IS possible further to refine the ciiouit trf Fig. R-12 Ly intro- 
duemg voltages on Iho grid of tube 2 which are a function of the 
input voltage and of the output cuenmt. This will provide a 
compounding action uhich will fiiiihor improve the performaiire 
of the n gulatiir mid may, if desired, be designed to give a rising 
output potcntiid with increasing load or with decreaBing applied 
voltage.* 

Regulators may also be designed to produce a constant current 
mstcaii oi a constant voltage. Such naius arc eommouly hiiown 
as eurreut stabiliicrs.* TIic circuits current stabilisers are. 

* See Hill, Ine. ttl 

•For suitable circuits and a disruastnn of the pefformaiice of current 
stabilizers sec W. I{ Hjll, Jr., Analyois of Current-etabiliicr Circuits, Free 
//(F. 33, p. 785, November, 1915; J. If Van Scoyoc and E II Schultz, Cur- 
rent Stabilizers, Proc. IRE, 32, p. 415, July, 1911. 
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fundamentalSy fhc same as tJiose of conslant-^'oltagc regulators, 
but. the principnl excitation for the control fc«i)c is ol>tained from a 
resistor in series witJi tlie output aucl is thcrerorc a <lirent functioa 
of the output eurrent instead of the potential. 

Other Control Applications of die High-vacuum Tube. Tiic 
control circuits prcscnlcd iu this boolt are but- a few samples of 
many similar applications of the liigh-\au:uum tube. They aie 
illustrative only, the circuits aufiially used Ixiing subject to inauj' 
variation.^ in equipment and circuit dc.sign to fit a psuiieuiar 
need. F-ven a moderately complete coverage of such circuits 
and applications is for lioyond the scope of tins hook. Neverthe- 
less it is believed that the information presented hei-ein will enable 
the reader to (mco out. anrl unrlei'sland most commcrcinl circuits 
of this type and to devise modiKcatioas to meet many of his own 
problems. 

2. GAS-FILLED TUBES 

Oas-fil!etl tubes are used widely for coiiti'ol piirpo.ses, since they 
are capable of passing comparatively Ini^ currents with ^'cry 
lit, tie tube drop. As stated in Cliap. 4, auy of the ^^^riou8 tyjios 
of gns-nilcd tubes may be equipped ivith a grid or other means of 
control iiDcl Ihns used ns a control device. The typo mo.st com- 
monly Ufsed is the hot-eatiiode, mercury-vapor tulie which, w'hon 
equipped w’ith a grid, is known «s « ihymlron. Tlie mertinrj'- 
arc tube may also be equipped witli a grid, and tlie ignitron 
may be controlled by wsii^ a thyrutron as the igniting tube to 
control the instant of ignition. 

It was further pointed out in Chap. 4 Uuit the grid iu a thj'ratron 
(or in a mercuiy-arc tube) will not control the magnitude of the 
current flowing Ihrmigli the tube but is caimble only of determin- 
ing Utc time of ignition. Ndther can tlie grid stop Iho flow of 
current once it has started. Tlius tlie control f.imt these lubes 
can exercise is strictly of fJie on-off tyjiu or, move purticuiarly, 
of the “on” type, special means being provided to secure an 
“oE” action, as outlined in the succeeding seetions. By special 
means it is also po.ssnble to vary the aotra.^c current flowing when 
alternating current is applied to the tube and load. 

D-C Circuits for Use -wiQi Thyratrons. A circuit such as Fig. 
S-1 is worthless if used -with a thyratron tube. It is true that, if 
the grid potential is sufficiently negative before the plate voltage 
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is applied, the tube will not conduct current offer the plate ie 
euei^ized, but moving the potentiometer toward the positive end 
will oveutually increase the grid potential until the tube begins to 
cDniluct, wliereupon no further effect on the plate current may be 
observed ns the potenlicxneter is moved in either direction. As 
explained in Chop i, the positive ioos produced by ionization of 
the mercury vapor form a sheath around a negative grid, com- 
pletely neutralizing its charge. 

The circuit of Fig. 8-8 would be equally ineffective, since throw- 
ing the sivitch from position 1 to position 2 would fire the tube, 
but throwing the switch back would in no way reduce the flow of 
current- 

The plate current of a thyratron wiLli d-c plate supply may be 
stopped either by opening the plate circuit momentarily (with a 
aufflfiicntly rcgativo potential simiillnncoiisly applied to the grid 
to prevent the tube from firing agam when plate voltage is reap- 
plied) or by momentarily inducing in the plate circuit an cmf of 
opposite polarity to that of the plate supply and of at least equal 
magnitude The latter method is illustrated by the circuit of 
Fig 8-iS where the voltage B,, is more negative than thefinng 
voltage of the tube. If the snitch is oj/cn uheii plate voltage is 
applied to the tube, uo {dale current will How, hut coiiduction will 
start iinuicdiately upon cloning the sxnteli, owing to removal of 
the negative grid voltngc. Opening of the switch 'will then have no 
further effect on tho plate current, which will continue to flow 
unimpeded However, if an impulse is applied to transformer T, 
of Buffieiont magnitude and correct polarity, the total voltage 
between plate and cathode may be made momentarily negative, 
the plate current will cease, and tho grid will again assume con- 
trol. It is necessary that the pulse Ih! of Mifiicieut duration to 
maintain the plate at a negative potential until the tube has de- 
ionized, as reapplication of plate voltage before deionization has 
been completed will rccst-nhlish the arc in the tube regardless of 
the grid potential. Thyratrons normally have a deionization time 
of about IDO to 1000 ftscc. 

The stopping pulse applied to the tube in the circuit of Fig. 
8-13 may be secured from the discharge of a condenser, a momen- 
tary applifintion of direct current to tlie primary of the trans- 
iciiner. firing of another Uryiatrun (aa in the inverter), or any 
other suitable source, 'ilie most desirable source of this voltage 
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will depend upon the use to which the cireuil is to be put, but it is 
generally supplied automatically by the device that is under con- 
trol. 

A condenser-discharge metiiod of stopping the flow of plale cur- 
rent in a tbyratron is illustrated in Kg. S-14. When switch Si 
is closed, current flows throu# the tube setting Ui) a voltage across 
the load and cliarging condenser O with tlie polarity indicated. 
Reopening of Sj will have no further effect but if Ss i.s clo.sed, the 



Fta. 8-13.— Circuit for stopping the flow of plate current in a tliyralrmi by 
momentarily inducing a liigh negative polcoiisl in scries witli tlic plate. 

flow of current will cease. Closing of St connects the posili\'o 
terminal of tlio condenser to tiie cathode and, since the ncgnlave 
tei'minal is connected to the anode of the thyrntron, the anode u’ill 
become momentarily more negative than the cathode, the flow of 
cunent tlirough the tube wDI be interrupted, and the grid >\'ill 



Fro. S-14.— Circuit for stopping tl»e How of ciurcnt in a thyrntron by tlio 
disebarge uf a condenser. 

again a.s8urac control if Si is still open. As in the preceding cir- 
cuit, the negative voltage roust remain on thennoiie forasuHieient 
length of time to permit deionization of the tube. This rocnurc- 
ment, together with the expected load impedance, determines the 
size of the condenser needed. 

A-C Operation. Thyrations are most commonly used with n-c 
supply, as in the circuit of Fig. 8-15. A transformer supplies 
the necessary voltage for the plate and grid, with a separate 
winding to supply heater power fra- the cathode. A resistance 
Ri is shown in the grid circuit to limit the grid curi'cnt, positive os- 
negative, to a. safe value. If the ^id voltage does not greatly 
exceed tlio starting potential, this resistance may be omitted. 
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The -nave shapes oi the plate and gnd voltiiges are shoim in 
Fig 8-lC tV’hen the r^iJ sx\itch ts closc^l, the grid v’oltage is ah 
ull times moie ncgatu-e than Hmj stalling voltage during the posi- 
tive half ej-cle ol jilale voltage. During the negative half <^-de 
of plate voltage, the grifi is positive and may draw some current 
itbc.ff, the amount heing determined by the voltage applied and 



the site of the resistance Rt, but no 
appreciable current can flow to tlin 
plnte during either half cycle. 

Opening the switch raises the po- 
tential «i tlie grid , during the half 
cycle that the plate w positive and 
permits a flow of cucreut through tlie 
tjibe. At the end of this halfcyclethe 


Fic 8-J5 — Tiijjiitjwa con- 
trol nmntmlh a-nswpply. 


plate becomes negative ond will not at- 
tract electrons and the flow of ciiri'ent 


ceases, hut. each time the plate again becomes positive, the flow 
of current resumes If U>c mvitch is again closed at any time 
(Inniig Llin cycle, ut> idiatigc iii the cycle of tlic plate current will 
result until the plate voltage again changes from negative to 
positive At that point, the floxv of plate current that would 
start with tlic switch open will fail to start with the switch clo.ied, 
and the current will remain at ziero. By this means the grid is 
apparently able to stop the flow of ciirrenl thniugh the tube as 


mil m I.,. Htiit il, nlthoucl, in .d nfaf, .n/te 

the strict sense of the word it 

does not actually sto|) ’the flow switch o/>en^^ \ 

hut simply prevents its starting / ^ 

again after the plate has done j 

the stoppuig. Slariing 

'i’hc flow of plate current vo^/oye ■ 

through this tube is endently °sSitcf^clo^^' 

unMireot.oi.al 1...1 l.i.la.-t.nE. 5 la _ ,W,. msnitu Jo. M 
having the aeneral appearanoe of tiie voUages ia tiie circuit of I'lg 


Fig. 8-17. The average value, 


assuming a half siric-wfive iJiapn, will bn 0.1118 tiroes the ciest 

X'JllllC. 


It is of interest to note from Fig. 8-36 that the minimum alter- 
natiug poleotial which, will prevent the tube from firing is deter- 
mined by the potential at point x, not by that at point tj ns might 
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at first be supposed. This is Ijooaiiso th« win'C of starl.ing volt- 
age is not sinusoids, so that if tlic switch iu 8-1 5 is closed and 
tlic \'olLago bet«-Ge»i a and c in that figure is gmdnall.y reduced in 
some manner (plate voltage remaining enustent), the tube will 
fire as soon as curve u, Fig. 8-lG, intersects the cur\’e of st-arting 
voltage, at point s. I 



Fio. 8-17.— tVavc 8lm|>e of Uic tUyrnlrou ourreiit id the circuit of Fig. 6-15. 

The starting voltage cun-c of a given Itilie may be clctci-mincd 
from the charactei'istic cuives, such as those of h’ig. 4-25, by liist- 
rcadhig the jfiate stippl}' voltage at any given inslnnt of time frcmi 
ourvo d, Fig. 8-lfi, and tlicn finding the corresponding gidd voltage 
from the appi'opriate curve of Fig. 4-2!>. Such a procociiiie >vi]l 
give the dotted oun’e of Fig. 8-10. 

On the other hand plotting of the stniXiiig voltjigc cui'i’C is Jiolr 
needed to design the trsmsformcr of hlg. S-I5. To illii-strato, one 
of the curves of Fig. 4-25 is repioducod 
as curve I in Fig. 8-18. We may also 
dra\s‘ a straight line to represent tlic 
cori'esponciiiig liistniitancoiis grid <ind 
plate \'o!tage.s supplied at points a ' 
and d in the tvansforinei;. <lf{die sl^io-'' 
of this curve is'^adju^d-to prodin^ 
tnngency with cuiye 1, it will leprcsent 
the mtnimuni ratio of grid-to-platc _ 
voltage (anil, tbeiefore, l.he minimum 
grid voltage for a given plate volfca®;) Fio. s-is.— SI iowuik how t o 
which will prmmnt the tube from firing, of vciUhkc 

If the rms value of the plate voltage 

to l)e supplied ijy the transformer is knoivn, the none.spondiiig 
minimum value of rms grid voltage which must be supplied at 
point a may bo read fj'om cmve 2 of F^. 8-18. 

Plate-current Control by Grid Phase Shift. I.lte ai'p.rago I’aluc 
of the current flowing tlwough a lliyratron tube with a-n supijly 
may be v.aried at will from aero to a maximum by shifting the 
phase of the grid voltage relative to the plate. A circuit com- 
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monly usetl for tliis purpose is Aown in Fig- 8-19. The plate is 
energized m the usual manner, but the grid voltage is supplied 
from a coil located iu a tlirce-phasc revolving field. By rotating 
the inner coil, any phase pofidtion of the grid voltage relative to 
that of the plate may be obtained. 

Grid phase shift may al.so be obtained from a Rirglc-phasc supply 
by means of llie circuit of Fig. 8-20. Here the grid is energized 





Fia 8-10.— One method of securing grid phase shift with a tbre(!-phMa 
supply. 



Fio. 8-20. — A method of eeCurioK grid phase shift with eiiiglo-phase BurriV- 

from the secondary of a imnsformcr the primary of which is con- 
nected between the nculral wire «rf a three-wire, aingle-phnse sys- 
tem imd tlic mid-point of .a series condenser and rc.sistance, briiiged 
acros-s the 220'VoU supply. Varying the resistance will rotate 
the grid phase through 180 d«^, with a magnitude that would bo 
constant c'ccept for the effect of the cicciting current of the trans- 
former and of anj' grid current in tire tube. It is important that 
the transformer have u h%h no-load rcactanee (low magnetising 
current), otherwise rosonaoce between Uiis reaetance and that of 
the condenser may cause uadcsuiublc clfecta. 

If the circuit of Fig. 8-20 w placed in operation, the grid may he 
found to have no effect on the magnitude of the current flowing, 
except to eauso it to drop abruptly from maximum to lero when 
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the resistance has been nearly all removed. The reason for this 
action is explained in the next section, but tlio remcdjr is to inter- 
change the connections on the seoondaiy of the trnnsformei' so 
as to reverse tlie polarity of tlie grid voltage. 

Tile adjnstabie resistance of Fig. 8-20 may l>c replaced bj’ a high- 
vacuum tube, the grid volta^. of wluch is varied to control the 
current through tiie tJiymtecm. This permits vai'intion of the 
thyratron current witli Uic expenditure of a very small amount of 



Fio. 8-21, — ^Wnve siuipes of vuriTnls and cmfs in a Ihyrntroii with gi'kl 
pLaiiC shift. 

power and thus permits control by very sensitive devices of eir- 
ciiifs carrying laige amounts of power.* 

Wave Shapes. The effect of pliase shift of the grid is illus- 
trated in Fig. 8-21 for four different positioos of the phase-shifting 
coil of Fig. 8-19. In curve a the grid is nearly 180 cleg out of phase 
with the plate, and current does not start to flow until almost the 
end of the positive half cyde of Uie plate voltage, as indicated by 

'For detailed circuits and diBcuseion of such methods of control, ece 
Samuel C. Coioiiili, Aiialyds and Charsctcriatios of Vaouum-tubc 
Thyratron Phase. control Circuits, Proc. IRE, SI, p. 663, December, JDJ.t. 
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Lhe FhaJod area under the platf^TOltagn curve. TJir ilottcd curve, 
reprepentinK llie staitiiii; voltage, k Been to be more positive than 
the grid voltngc thmuglioiit tlie nutior portion of the half (ijele, 
and the plate current remain'* eern until the two voltages become 
equal 

Cun es 6 and e represent two other {losition.s of the phn-^j-shifting 
coil m \shicli the phapc of the grid voltage becomes increasingly 
closer to that of tli« plate. Tlic iieriod throughout which the 
current flows is seen to be grc.afcr ns the grid eumes more nearly 
into pha«s with the plate Shifting the phtt'C of tlte grid ei-idently 
(lcx“* not inereaBo the ttialatitaiicoitB value of the current during 
the time it la flowing bat mcteiyscs the averjiRC value by varying 
the ividth of each pulse 

If 11 thynitroa is pa.ssing iimxinnim currertt tlirougii a given load 
owing to an imphaec rclntionaliip lictwecn grid nud plate voltages, 
a shift ui phase of the grid m tlic cerrert direction will cause a de- 
crease in iiverago curri'nt an ilhi-'tr.alvd, but. if the shift is iniide in 
the opposite direction, the plate ctirrcnt is unaffected This is 
dliistratf'd in curve d (Pig 8-21), whore the jitiaso shift aivo^’ from 
the in-plmr>o p<i.«iti(m is the some in nmouDt as for curve c hut in 
the opposite direction. At the iMrginning of the positive half 
cyi’le of thu plate voltage Ihr insiniiinnnous grid voltage exccetLi 
the starting voltage, and pbtc current wfll flow. It docs not mat- 
ter that the grid volt.igo laccomcs negative during tlie latter part 
of the poMtivo half eyelo of plate voltage, since the po'iilivc ions 
already present will nullify the effect of the negative grul Re- 
gardless of how far the phase of the grid inuy be shifted to the left, 
the jilate eiiriiint will eontimie to flow at full strength until such 
tunc as the grid becomes out of phasic by 180 deg, when the current 
will drop abruptly to zero. 

Circuits with Altemsting Cturent tbiougli the Load. In the 
thyratron circuits presented thus far the load ha-i becu inserted 
directly in sseries wiUi tlie tube mmI thus receive*! a pulsating 
ilirctit current. Very often it is desirable that the load current 
be a true alternating one. Ono methcid of iiccoinpiiahiiig this w as 
shown in Fig 8-G for iiigli-vmeuum tulics wiiich may be applied 
to tliyratrons by merely replacing the potentiometer uith some 
typo of phase shifter. The current flowing in the lonil will tlien 
bo altematirig but not sinusoidal, since the pulses of current 
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passed by thyratroiis nre not linlf sine \va^t:s except when maxi- 
mum current is flowitiE (see Fig. 8-21). 

A somewhat more desimhlc method is to use saturalile reactors, 
since the reactor not ojdy permits n ncarb* sinusoidal flow of 
current throngh the load Ind. also rcitcs as an amplifier of the tube 
current. The oircuit of J''ig. 8-22 ilfustTalcs the use of two Lubes 
in this manner.' Any type of grid phase sliiftcr may bo used ; tlie 
one shown here operates from a singlc-pliiuse circuit by connecting 
two coils, mounted in ^nce quadrature, across u condonsor C 
and resistance 11 to jirovidc two fields in time and space quadra- 
ture. Tljc grid pichuj) coil G may lie l•o^aled to secure the desired 
phase. 



Fjo. S-22.—Circuit of two thyratroiis, willi grid ptinsc shift, controlling; t)tc 
current througli u loait circuit by means of u siituruting ronutor. 

The saturable reactor L has lliiec windlni^, two irt series tvilh 
the load and the other in the common plate circuit of the two 
thyratrons. IMien the l;!i 3 Tatron current is zero, the reactor im- 
pedance is maximum, reducing (lie load current to a low value. 
As the thyrntron current increases, Uic core of tltc reactor will 
saturate (since the thyrtitron current contains a large d-c com- 
ponent), .and the imiicdauec will drop. With proper reactor 
design, a continuouslj' variable control may be obtained over a 
considerable range in load current. 

The two windings in .series with the load are so conneotecl that 
ttioy irvduce 7.cro voltage into Uic tliird 'winding. This is impor- 
tant, as otherwise tbo aclu.i] voltage applied to the plats of end) 
thyratron v’ould be the sum or difference of the voltage of t!ie 
transformer T and the voltage Induced hi tlie saturating winding 

‘ Two tubuB should /ilivays be used, in a full-wave circuit, since tlic rc- 
cetor lends to keep constant currcniriowing. Asinaio tulns would be oqiiiv- 
alent to the use o/ an I.-Himtion filter with a flinRle-pliBBo, imif-wnvc rpcti- 
ner (see Chap, 7, p. IIM). 
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oil the reactor L. If hiit one load 'winding was used, Uie magni- 
tude of the voltage induecd in the reactor might easily be suffi- 
cient setiously to affect the performance of the thyratrems, since 
the saturating wmding is often wound with many turns to enable 
a smnb tniic tniTrnnt to produee saturation. 
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of the grid adds nothing to its rectifying properties Ind. provides 
a means of varying Uie average output voltage, a feature that is 
frequently of the utmost value. A typical circuit of this type is; 
shov'n ill Fig. 8-24 using two tfajoatrons as a full-wave, single- 
phase rectifier.' Transfonner Ti supplies the plate ^'ollflge to 
the two lubes; Ti, tlie cathode heating power; and Ti, the. variable 
phase excitation to the grids. -This voltage is applied to the 
grids througli the center-Lapped trausfoimer Tt in order that the 
grid and plate in each tube shall bear the same relative phase to 
each other. By means of Uio phase-sliifting transformer ?'a the 
average current through the tubes may be adjusted to any desired 



Pio. 8-24.— Cirnuit of a grid-conUoUed, sinBlc-pluaae, full-wave rectifier, 

value. The output voltage is, of course, a direct function of 
the current flowing throui^r the load. 

Tlie L-seetion filter shown in Pig. 8-24 will require a eontiinious 
flow of current if the choke is equal to or luigcr tlian its critical 
minimum value (as it should be).* As the grid pliasc is shifted, 
each tube will fire at a lator point in the cycle but will then coii- 
tinne to conducl for 180 deg (at which Inmc the other tube fires). 
Thus the effect is to shift the phase position of Uic conducting 
period for each tube but vviUiout changing i(s longtli, as shown 
in Fig. 8-25, 

The cm'^'es of Pig. 8-25 depict the theoretical voltage relations 
for four different firing angles assuming that the inductance is in 

’ Except for tlie method of grid control (and any tj’pa of gritl pli.'isc- 
sUftiiig device may be uacd), Ms dreuit is similar to that of Pig. 8-li2, 
Consequently the thyratrons used for control purijoses through saturable 
reactors actually constitute afulUwaye rectifier. 

* Si!o the discussion on p. 190, for the meaning of the minimum value of 
inductance. 
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each ease at lea'll equal to iLs critical value. The voltages sup- 
plied to the anodes of the tubes by the two hnlvea of the trans- 
former Ti are shown as sine «a\c!S of opposite polarity (the mid- 
point of the transfomcT being the tefercnee, or aero jiotential, 
point). If the tube drop is neglected, tlie potential of the cathodes 
of both tubes must l>c equal to the potential of that anode which is 


AtTemating 
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condiic.tinK nt the moment, and U«© catliotin potential will be as 
indicated by the heavy lines. Tnspectiorr of the circuit of Fig. 
8-21 will hhow that thisisabo the potential imprca.«od on the input 
to the filter. 

rifture 8-2.'3o shoos the conditions for zero pha»c shift. Ksch 
tulw etmduct.s throughout one entire half ryelc (neglecting the 
small effect of tube drop), nnd the average output v’oUagc is equal 
to the avtrjige voltage of onc-lmlf the transformer T\, less the drop 
in lubes and choke. 

If the grid phase is now shifted to give a phase shift angle 
e = 30 deg, the point of bring wOl be shifted approTiinalcly 30 
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deg beyond the point of zero impressed voltage. Tlie tube tliat 
was conducting during the previous half cycle must then continue 
to conduct until the other tube fires or for 30 deg after its supply 
voltage has become negative, since the current through the choke 
cannot become zero under the assumptions made. It is enabled 
to do so by the voltage induced In the choke which is of such mag- 
nitude as to apply a net poative voltage between its anode and 
cathode. This is illustrated in the (6) sot of curves in Fig. 8-25. 
The average voltage (which is of course the direct output voltage, 
neglecting tube and clioke drop) is evideatly lower in this case 
than when 0 = 0 deg, and thus the output voltage is controllable 
by the action of the grid. 

The other two sola of curves in Fig. 8-25 depict the operation 
for S = 60 deg and 9 = 90 dog. It is seen that zero output 
age is obtainable with a phase drift of only 90 deg (not ISO dog), 
but it should he remembered that, these ciin’cs were drawn by as- 
sunibg tire inductance to Im at least equal to ita critical ^'alue 
whiolv, for zero load current, would be infinite. Tiius the output 
voltage Sind current will l)c brought to nearly zero with n phase 
shift of 90 deg, but absolute zero con bo sccuiod only with a phase 
shift of 180 deg, as described on iiagc 234 whci-c no incluotance 
u'hatsoovcr was considered.’ 

This method of controlling the voltage of a roctifior may, of 
oourso, be applied to polyphase rcctifiors as well as to single-phase 
units, It is neeessaiy onlj' to supply tire grids of tiro various tiilres 
in the same relative pliase relations as their anodes and tiien apply 
phase shift to all grids simultaneously 

Inverters. Thyratrons may be used to con\’crt direct current 
to alternating current nod when so used are commonly lmo«Ti 
as invnrlF.m. There are two distinct types of thyratron inverters; 
( 1 ) those which are. separately excited and (2) lliose n’Jiich are 
self-excited. Separately excited inverters are of tiic nature of 
iiinplificrs, as they require a small amount of a-e power for their 
excitation !)ut are capable of produmng a much larger amount of 
a-c power in the outijut circuit. Self-excited invertere are more 

’ An excellent discusnion of the cReel of tbe induclnncc on the psrforni- 
anoo of this type of rccUAcr togetlier with curves of LImj critical value of 
inductance to ho iisiid is given by W. P. Ovorbcck, Critical Iniluclnnco and 
Control Rectifiers, Rnic. IRE, 27, p. 655, October, 19,19. 

= A typical circuit is given by 8. lU Durand and O. Keller, Grid Control 
of Ratlin Rectifiers. Prnc. JRS.X. d. 570, May, 1937. 
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of the nature of oscillsters, Jis the>' supply their own excitation 
losses from the a-c output of the circicit. 

Separately Excited Inverters. A ^•pjcal circuit of a separately 
excited inverter is shown in Fig 8-20. All the energy takrn from 
the output terminals Is drann from the <l-c power supply tntli. 
cated m the hiMcr part of the figure. The a-e excitation must he 
supplied from an available low-power source airb ns a vncuum- 
tube Q.s«!illator,* n luevlianical vibrator, or other similar source. 
The c.athocles may be heateil from the d-c power .supply through n 
senes resistance R» as sliuwn, or they m.ay be heated from this 
source only while the invertor is being put into service, ilrnwing 



Fm 8*2fi.— Cirriiitof a sepirntely excited thyration inverter, psrftllfl type. 

power from a transformer off the a-c output after the inverter Ii 
in operation. 

The operation of tliis inverter may be studied by first consider- 
ing the liair cycle of uxcilatioii voltnge during which the grid of 
tube 1 is positive and assuming tliat tube 2 is not drawing plate 
current Plate current begins to flow in tube 1 as soon as the 
grid bueomes moii’, positive than the starting voltage, and ns Ih's 
current increa.'os, cn emf mil bo induced iii the output trans- 
former whicli will lie impmevrl ucro3s the condenser C causing it 
to charge with a negative polonty toward the plate of tube 1. 
Aw«mC will also be iwdwesd into tiwivcvmwlnty vh iirti widp\it. trae.’- 
fermer iincl so be impressed oo the load. 

At the start of the nc.\t half cycle tlic grid of tube 1 will become 
negative, but this will, of course, have no effect upon the (low of 
plate current, as nas pointed out in Clinp. 4. However, the grid 

* S<?e Oisp. n Tor adisrDAsion nf raenum-tubi! osctllatora 
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of tube 2 will become positive, and tliis tube w'ill fire, causing 
current to flow from tbe d-c source througk lim lower half of t.lic 
out])ut transformer. The voltage drop bct<vccn iiiiodo and cntli- 
ode of tube 2 is, of course, very low during conduction, so that the 
lower tcrininal of condenser C vnll be virtualij' connected to the 
negative terminal of the d-c supply. Since it had been previously 
charged by tube 1 with negJitive polarity on its upjscr pifile, Ibn 
full negative eliarge uf this condenser will momentarily be applied 
between the plate and calliodc of tulx; 1, i>ermitting its gi'id f.o 
resume control. Of course, if tlie grid of tul)e I were not negative 
at the time this action takes place, both tubes would conduct 
current after condenser C discharged, thus short-circuHiiig tlic 
d'C supply. 

The action described in tlie preceding paragrnpli continues to 
repeat itself, tlm action of tlie two tubes Ixsing inlerclinngcrt at the 
beginning of successh'o half cycles. 

CondcriBer C is known ns a commulatinr/ condenser hoonusu it is 
provided solely foe the puriKRic of commu(.:itiiig the direct current 
from one lube to the other at the end of each half cycle of tho 
exciting voltage. Its size must be such as to provide a negative 
charge of sufficieot duration to onahlc the grid to assume control, 
usually of the order of 1 to 5 #<f. 

A leading power-factor load will obviously serve tlio samo puv- 
l>oso as the commutating condaiscr C. Ou the other hand, ii 
lagging pcftver-factor load will lend to reduce the effect of C, bo 
(.hat much larger condensers must Im used in inverters rctiuired (.0 
himdlc inductive loads. Thus it is important to know the type 
of load that is to bo supplied before designing an invertor. 

Since the wave sh.ape of the plate current flowing tlirough the 
primary of the transformer is far from sinusoidal, the ouLpiil. of 
this invertci' might be e.vpected to contain many harmonics. 
Such is found to be the case, although tlie wai-e shape is surpris- 
ingly good considering the nature of Uie action producing the a-c 
output. 

Tompkins' gives the operating curves of tliia circuit, and they 
arc reproduced in Fig. 8-27. 'fhe efficiency is seen to be quite high 
ivhich is characteristic of the gas-filletl tubes. 

' Frcdeiiok N. Tomi>kinB, A Parallel-type Invertor, Trans. AIEE, Dl, 
p. 707, 1032; also published in condensed form in iKec. Enff., 62, i) 253 
April. 1933. 
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The two thyratrons may be operated in a sorica type of circuit 
as compared with tlie parallel arratiHement of Fig. 8-20. A 
typical circuit of this type is that of Fig 8-28. Con<5ider that tube 
1 IS conducting and that tube 2 is idle. Current flows from the 
positire terminal through, llic 
primarj' of the output tran«- 
hirmer T, the upper hall of the 
choke L, and tube 1, charging 
1*05 condenser C, witli positive po- 
larity on its left terminal As 
S' the polarity of the grid excifa- 
*oS tion voltage changes, tube 2 will 
6re, causing the ccatdenser C to 
AffiMT.* di'Charse, thereby inducing a 

F,o 8 27-Op.,..mf .I,.™.,™.- ' «' W"'** “ 

tics for the nreuit of Vii; K-VC 'ilie the output trauefurmei und in* 
mnoRdcnw.T^^’**^ ^ eommuut- blueing a high negative volluge 
between terniinalso and ri cif tJi« 
choke L, eufficieut to fxtmgui^i the arc in tube 1 end porrml da 
negative grid to ii.ssiime control agsun 




o~c ■ 


Pio 8 28. — Circuit of a eepuratcly excited thyratrnu inverter, eeries typ«- 

On the ne.xt lialf cycle of the excitation voltago tube I will again 
fire, causing Um cundenser to charge. A. large volta.gc la again 
built up across the inductance 2>, and a positive voltage appears 
between b uml n which is appled to the cathode of tube 2 Suice 
this will have the s.nme effect as applying a negative voltage to 
the plate, plate current will cease to flow and the grid can agara 
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assume control. This cycle.is repeated as the polarity of i.lie ex- 
citation voltage reverses thus produemg an a-c output across the 
scconclao' of transformer T of the same frequenej' as the exoitation 
voltage but of much hi^er power. 

Since the same polarity of voltage across L is required to extin- 
guish cither t;iihe 1 or tube 2, it m^t seein-Uiat both tubes sboulcl 
cease to conduct simultaneously. TTiat they do not is due to the 
difference in the elinrge on condenser C, this condenser being fully 
charged wlien tube 2 fires .and at a minimum cluirge when tube 1 
fires. Tlie potential applied to tlie plate of tube 1 is 
Kt.x E.~ E, 

where £o = supply voltage 

Ee = voltage across condenser C 
El = voltage across Iralf coil L plus voltage across T 
while the plate voltage of tube 2 is 

- E, 

When tube 2 firos, Ee is very nearly equal to Ee and Ei is some- 
what less than E,. Tlic above equations therefore sliovv that (ubo 
1 will have a negative plate voltage while that of tube 2 is some- 
what positive. Wlien tiil)e 1 fires, condenser C v'ill Imvo clis- 
eliaiged and its voltage will be quite small; thus tiic uquntioiw 
show that tlie pniential applied at that time to tube 1 will be 
somewhat positive while that applied to Ijilxs 2 will bo negative. 
These are the ncceasarj’ conditions for commutation of tlie current 
from one tube to the other. 

Series inverters are generally prefetTecI to (he parallel type owing 
to the reduced probability of a short circuit of the d-c supply 
through the f.-iilure of a lube to commutate. This improvement 
is due to maintenance of negative voltage on the plate of a thyra- 
Iron at the end of its conducting period for a longer period of time 
in the series type than in the parallel type, thus incmasing tho 
time for the tube to deionijic. With suil»l>lc design thi.s period 
may be made to approach 90 deg.’ Suitable jirotcctive devices 
should of course be provided in the d-c line wiUi either type of in- 
verter to open tlie circuit in case of commutation failure. 

Self-excited Inverters. Eilher the parallel or the series type of 

‘ C. A. Sabbalij Seiies-|inrnllel Type Static ConvcrlcrH, Gm. like. Rev . 
34,p. 288, May,mi, 
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inverter may be mneJe self-cxeited by &ii{)plyiiig the grid excitation 
from the n-c output terminals through suitable circiiita. Figure 
8-29 shows such an application to the parallel type of inverter. 
Tt la the output transformer, and Cfi is the commutating condenser, 
as in tlie separately excited inverter. The grids of the two tubes 
arc excited iiy means of traanToriner j(j which is energized from 
the output transformer aa shown. 

When the d-c circuit is first closed to start thn inverter, both 
tubes would start conducting at once if a means were not pro- 
vided to discriminate against one or the other. Condenser Cj 
performs this function, being charged through f?\ aud Li, with the 
return circuit through Kj and half of tranafonner Tt. Tic charg- 
ing current of thLs cemdenser induces a positive voltage in that side 
of transformer Tt supplying tlie grid of tube 1 and consequently 



Flu. S-29.-~-Circuit of a scU-escited thyratroa Inverter, parallel type. 

induces a negative voltage on the grid nf Lutic 2 Therefore, tube 
1 will be tlie first to conduct, and tube 2 will be held inoperative. 

At the samo timo the plate current drawn by tube 1 through tlia 
upper half of transformer Ti avjH induce a negative voltngo on the 
upper terminal of that half. The lower half of the transformer 
Avill therefore impress a positive voltage on the plate of tube 2 
which is a function of the chmi^iig period of Ruadenbor Ct. Even- 
tually tube 2 will become conducting aa the induced voltage in 
transformer 7\ falls off at the of the charging period of con- 
denser Cl and alloiva the grid to becoctus positive. When this 
occurs, condenser Ci will apply a higli negative voltage to the 
platd of tube 1 , just as described for tlie separately excited inverter, 
to stop the dow of ihs plate current. 

The impedance of fransformcr Tg prevents the instantaneous 
dischnrge of condenser <7i thus maintaining its negative voltage 
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sufficiently long for tlie ^iiltanDoiisly induced ^^oltage in trans- 
former T 2 to swing the grid of tube 1 negative nnd prevent rees- 
tablishment of cun-ent this tube for ancithcr half 03'elc. 

The sequence of events just described cotdiimcs to occur with 
the action of the two tubes in- 
terchanged, the frequency of the 
output being determined pri- 
marilj- ly’ the constants of the 
output circuit. 

A scries typo of inverter is 
shown in Fig. 8-31). If tube 1 is 
conducting, current will flow from 
the d-o source, cliai^iiigcondensor 
Ca. Tile current also passes 
through tlio resistance T?* and 
so maintains a negative voltage 
on tile grid of tube 2 which pre- 
vents that tube from firing. As 
condenser Cs becomes charged, 
the current flow ceases, causing 
tulje 1 to stop conducting mirl 
removing the negative voiUigo 
from the grid of tuirc 2. Rring 
of tul,ie 2 follows, and condenser 
negative voltage across Ri wJiich 
Also, the drop .across coil L, applies a negative \-olltigG to (he 
.anode of tube I throiigli the condenser Ci, which Jins zero voltage 
.across its terminals at the time when tube 2 fires, since it was dis- 
charged by tube 1 while C 3 was ifliarging. The nRgiit.i\'C potentiiil 
remains on the, anode for a sufficient length of time I.0 permit the 
tube to deionize and so permit the grkl to resume control. Aft.er 
condenser Ci iias discharged and Ci charged, llic current flow 
through tube 2 ceases and tube 1 fires. In this case the clisc)iai-gc 
of condenser Ci seta up a voltage across Lx of Uic opposite poiaihy, 
thus apjilying a negative voltage to the anode of tube 2 whicli pci'- 
mits it to deionize. This cycle is then repeated at a frcqiicncj’ 
detcTTnincd by the circuit constants. 

Mercury-arc Inverters.* Mercury-are rectifiers may be equipped 

' For more details, see H. D. Brown, Grid-controlled Mercury-arc Recti- 
fiers, Gen. Elec. Rev., 36, p. 439, August, 1932. 



C- (hen dischnigcR, sct.lang up a 
is atipliod to tlio gi icl of tube 1 . 
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«-itli*^grid5 and U5iid in anj’ of the applications previously listal 
for tliyratrtm tubes, including inverters. Their performance is 
veiy sirmlar to that of thyratrrms except for tUeir greater evitrenl- 
carrying capacity. Hrmcver, they are ticing largely superseded 
by ignitrons, and no further discussion of mercurj'-.arc tubes will 
be presented here. 

Phase-shift Control of Ignitrons. The cunent flow threugii 
ignitrons jn.iy bo controlled ju.st as readily as tluit thriiugh thjTa- 
trons by rrcana of n small thyTiitroji in the igniter eircnit. The 



the Igniter 


hitter tube controlled by nny of the mcthwla previously de- 
scribed for thyratrons, fsencrolly a pba&e-shifting method A 
circuit for performing this control is shown m Fig. 8-31. It is 
seen to be similar to that of the otdiuary i^tlroii retitilicr of Fig 
7-43 except for the use of a grid-coutroUed rectifier for tube II 
together with the nccess.iry nsMici- 
ated circuits for shifting the pViasn 
of its grid excitation. The grid 
control on tube B determines the 
tiiDO iu the cyclo at wliicii the ig- 
' ** <t) niter is cnergisrtl and thcrefure 

Fio 3.32—^) lenitron nnodr determines the point at which 
an^TJifiPvn Va'£’"'a^m»all''phaso the 'gu'tron starts to draw current. 
tV./.’j tn, ■•Ajh f.Ti.’. -if, Kgrirtn Tbis inuuuss is lixriliET iVii/v 
rcctifier tfiitecl by the curves of Fig 8-32 

for a small phase shift, where u sliows tlie current flow through the 
ignition and b shows flmt through the igniter circuit. It m.ay be 
seen that the flou of current through tlie latter circuit is cs-sen- 
tially the same .as that viBiout grid control, as shown in Fig 
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7-44, except that it occurs at a later point in the ej'cie. The 
ignitron current also starts at this later point in the cycle and then 
continues to fleru’ until the anode voltage drops to zero. E^’i- 
dently the curicnl how through tlie anode circuit is exactly lilvc 
that flowing in the anode circuit of a thyi-atron with giid pliase 
shift, Fig. 8-21, althowgli tlie controlling electrode is entirely 
outside the tube. 

The ignitron may lie used with a control circuit of this type to 
perform exactly the same funotionB a.s have aheady been discussed 
in connection with the tliyratrou, c^., tlio controliccl rectifier. 
It is generally able to handle Imavicr overloads than the thyr.Ttron 
but requires the use of more auxiliary equipment for its oporation. 

Ignitron Inverters. Ignitrons may also l)c operated as int'crtcrs. 
The circuits are fundmnenUiIly Uie same as those for the thyra- 
tron except that tlie excitotioTi voUnges must necessarily be applied 
to the grids of the igniter tubes. Ignitron invertors can he Iniilt 
ivith much greater power capacity tlian can Uiyratron inverters, 
thus opening up ti'cmondous potential .-ipplications in the olecitrio' 
power field. 

Applications of Thyratrons and Ignitrons. Tho number of ap- 
plications to which these tubes may be put is virtunllj' unlimited. 
A few examples are cmitrollcd rectifiers, t)ie thyratron motor (an 
adjustable-speed a-c motor),' d-c power transmission,’ froquency 
changer,’ voltage regulator,' ligliting conti-ol,* welding control,? 

' E. F. W. Alexjindefson nnd A. H. Mittag, Tlie Tliyratrciu Motor, Rlcc. 
Eng., 63, p. 1617, November, IfSl; and E. F. W. Aloxiiiniisi'.son, M. 
A. J-khvnrdfl, iind C. H. WiJISs, ISlcclronic ^)ccd Control of Motors, Trans. 
AWE, 67. p, 343, ,Tui>c, 1938. 

’ C. H. Willis, B. IX Bedford, and F. II. Elder, ConsUnt-currciit D-c 
Transmission, Elcc. Eng., 64, p. 103, IMS; C. C. Hcrskitid, Now Types of 
Transformers, Tra/is. AWE, 66, p. 1372, November, 1937. 

'A. Schmidt, Jr., mid H. O. GrilfiUj, A Static Thermionic Tubo Fre- 
quciic)' ChanKer, Elcc. Eng., M, 1063, 1035. 

' Palmer H. Craig and Prank E. Sanford, An EloolTOiiic. Voltage Hcgu- 
lalor, Elec. Eng., 64, p. JOO, 1035. 

‘ 1C, D. Schneider, Tliyratron Reactor Lighting Control, Trims. AJEE, 
67, p. 328, Juno, 1938. A eonaidoralde bibliography of other articles on 
lighting control is innliulcd nilh Schneider’s paper, 

‘ T. S. Gray and J. Broyer, Jr., Electronic Control for Itcsisl.nnce Weld- 
ers, Trans. AJEE, EB, j>, 361, July, 1039; .1. W. Dawson, Now DevclopmontB 
in Ignitron Welding Control, TraB*. AJEE, 56. p. 1371, Dcuomber, 1936, 
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speed control of ordinary il-e motors, ‘ auil many others * A very 
brief picture of some of these applieaticHw follows. 

Controlled rectifiers using thymtron.s were discussed on page 
237. The circuits used svith ignitrons differ essentially only ia 
the addition of firing circuits in place of the thyratron grid control 
The thyratron motor may be considered as essentially a d-c 
eenea motor mthout a commutator but with thyratrons providing 
the cumnjutating action by Bwitching t!ie current from one to 
another of perhaps she coils. TUa d-c power for the nxotor is 
supplied from regular ii-e power sources by a set of thyratrons in 
a grid-controlled rcetifier, altliough in uctiial practice the same 
tubes perform thn function.^ of Imth. rectification and commuta- 
tion. The motor terminal voltage and, therefore, its speed are 
controlled by varying the pltase of the grid voltage on the thyta- 
trons. An adjustable-speed a-c motor with a remarkably bi^ 
efficiency is the result. 

Direct-current traosmis^oa is made possible by rectifying the 
output of bigh-voltage transformers at the generator end of a line 
and then oonvorting back to altematuig current at the rocelvor 
end by inverters. Dirn’t-ciirrent trun&uiiseion has uertaiii in- 
heieut udvnnlagcH «var h-o which nuikc it extremely attrautivc if 
tuliett cnii bo developed to provide the very high voltages ncces- 
Kury for efficient transmission, together with sufficient power rapac- 
ity to handle commercial instalIntJons. 

I.ighting control is provided largely through the medium of 
satmable core reactors, as in Fig. B-22. The tube used to control 
the saturation of the core may even be a high-vacuum type where 
the controlled lighting load is not loo great. Such tubes offer the 
adv.antage of potentiometer control of Uieir grids rather than the 
more complex phase-sluftiiig mutliod required for thyratrons 
The uso of vacuum tubes in the. control of roftistance weldu^ 
in now almost stand.ard practice. With thyratron and, moie 
recently, ignitron cnntnil, the flow of welding current may be 
Vimiced to but one hall eyefc or even a portion of one hall cycle, 
or il may be extended over a given number of cycles, thin ac- 
* G W. Garman, Thyratron Control of I>-c Motors, Tram. AI£E, 6T, 
p. 335, June, 193,'!. 

*7). K. Chatnhera, Appbc^iooa of haeelrun Tubes iu Industry, £iec 
Sn(f.,64,r 82, 1933, also J W. Horton, Use of Vacuum Tubes in Measure- 
ments. Elec. Eng , 84, p. 63, 1<QS, for a biblmgrapliy of vacuum tubes in 
measurement work. 
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curatcly determining the intensity of tlio heat and the extent to 
which it spreads. 

Operation of Cold-cathode, Grid-controlled Tubes. I'iie eold- 
calhode, grid-controlled tubes described on page 120 find their 
most common applications in the control of relays and other low- 
ciiiTent loads where continuous sUnd-by service is required and 
especially where the actual time of use is low. Since no local 
power source is reejuired for cathode heating, no po^^■c^ is consumed 
during idle periods, whereas hot-caUiodc lubc-s would draw heating 
power continuously even thou^i used but a small portion of tlie 
time. 

A circuit employing the OA4*G tube is sllo^vn in Fig. S-33. 
The plate of the tube is connected to one side of the 00-cyelc line 
through a suitable relay. Hic starter electrode is energized from 
the same source through a voltage divider wliicU supplies a pofon- 



Fiq, 8-33. — Circuit for using l.hc grid .controlled, cold-cutlu'ifiii tiiijo of Fig. 
4-30 t« operate a relay by remote control. 

tial slightly less than the starter breakdown voltage, i.hc resistance 
of the divider being snibciciil to prevent Uic flow of excestsivo 
current through the starter when the tul>o is fired, The cathode 
is energized from the mid-point of a Berios condenser and induct- 
ance. The tube is fired from a remote point by applying f.o l.lie 
power line at that point a current having a frc<iueiicy of some (ens 
or even hundreds of thousands of cycles. Tire inductance and 
capacitance that supply the cathode are lesonmit to 1111.“; freciuoiicy 
and sufficient voltage is buDt up across tlie indiiclancc to raise the 
potential between cathode and starter above tlie breakrlown i>oinl. 
The tube tlierefore 'vill not conduct, and iiie relay will be clocner- 
gized, until the r-f current is supplied from the remote point, after 
which the tube will break down and close Uio relay. Upon re- 
moval of the r-f source the tube will cease to conduct on the first 
negative half cycle of volta^ supply to its anode. Thus the relay 
may be controlled remotely over the regular 60-cycle power wires. 
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The distances over ■whioli this control may be operated dejimtl 
upon the nature of the a-c circtiit, whether or not tlicre fire trans- 
formers irterpo‘«l between tlie control point and the tube, the 
amount of load on the a-c circuit (t.c , the impedance between 
the wirea), elu Mlieii used on ItO-volt circuits in buildings, 
however, it has been found that the normnl line Ltnpctinricc. ia so 
Inn- tlijil till; amount of load has \-er>' little effect and that control 
may be earned on from most points within a given btiild'irg but 
not frtiiu points outside tlie building.* 

Tlie oscillator that supplies the r-f power may be. cnergired 
directly from the a-c line without a rectifier, whence it w ili supply 
r-f power only on the positive half cycles of the u-o line.* If 
thc« half oyclea con-e^pond to those of positive voltage on the 
nnode of the cold-ciithciilc tube, the relay will he uperulrd, whereas 
if they correspond to the negative halt cj-clcs on the tube, the relay 
will romiiir dooni'rgmMl. If niiother cold-enthiHlB tube is used 
m i» circuit e\actly Iihe that of Fig $-33 but with the a-c line 
torminairt reversed, it is possible to operate either of tlici two ndnys 
hv merely reversing the polarity of the oltomatmg current sup- 
pliinl to tlie iHCillator nt the control station.* 

Another application of cold-cathode, 
grid-coiitrolbal tubes is Illustrated in 
Fig. S-34, the circuit being particu- 
larly a(Lt{)le(l to the tube of Fig -1-2?. 
Adjustment of the scries condenser 
(or of tin* rosisttir) tif Fig. K-34 will 
itiako tlie tube conducting or noa- 
COuJucting. Either the resmUir or 
the condenser is normally included 
m the main unit with the tube and may be adjusfrd to give 
the pruper .sensitivity tn the device, but the otlier is generally* a 
portion of the apparatus or circiut lliat in lo be e.outrolliiil. For 
example, the plates of the condenser in Ffe S-31 may be placed 
on cither side of a chute to mdicato the jircsiincc of a metallic 
object, or a Ivurglar .alarm may be arranged by e.vtending a wire 
around the region to be protected, using it as one plate of tlm con- 

* Charles N. ICimhall, A Xetr System of Ilcmote Control, ifC.l lieu., 
Z, p. 303, January, 193S 

’See Chap 11 far oscillator eircaits 

’ Kimball, Pv ciC AlsoA V rjatmaa. Patent Ko, 183)771. 



t'ni &.3) —Circuit using the 
cold-cathoiie tube of Fig 4-S7 
tooperatcarelsy 
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However, H, slioukl not be increased to tbc point where it is com- 
parable tn the resistance of tlie phototube during its Tinilluminated 
state, as then an apprc.cialjle positive voltage will bo applied to 
the grid even when no light is imptngjng on the cell, nor should it 
nxeeeii the grid-cathodc resistance of tVic amplifier tube. A 
resistance of S or 10 megohms is usually satisfactorj’ for gas-filled 
phototubes, although Etomewhat tiiglic.r resiatiuieua may bo used 
with high-vacuum phototubes, provided the input rc.sistance of 
tho amplifier tube is made high by keeping its plate I’oltagc low.' 

Additionul stages of arajJification m.ay bo added if necessary; 
but if the relay is to be openitcd when ligiit strikes the phototube 
and remain unoperated wlicn there is no light, sticli amplifiers 
must be of thed-c type (see page 307) the current in the relay 
muat ronliimR to flow as long as light rtrikes tho phototube. The 
u‘>e of d-B amplifiers is to be itvoidcsl since variafions in tlic diroofi 
supply \'oltages of the early stages of the amplifier, even thougli 
extroinely small, will cause large variations in the plate current of 
the final umplillcr tube. This problem inity bo solved by causing 
the light to varj* pcriodic-ally, thus producing an nUematjnR cur- 
rent in the grid resistor of the first tube. The output of this tube 
may then be amplified by llie usual n-c amplifier circuits described 
in Clinp. i>. Poliuittcms in light may boprixlucod by poruKlicnlly 
interrupting the light beam with a mechanieal chopper or by the 
use of a gaseous lamp wherein tlie light is extinguished twice per 
a-c cyclu, thus giving clT a liglil tlml pulsates at twice the fre- 
qiienoy of the altomoting current u.wl to energise the lamp. It 
13 al.so po.'isible to use a constant light beam and insert a chopper 
in the grid or plate circuit of the first tubo, using cither a mechan- 
ical device, such as a rotating disk with alUimafo eoiiilucting nnd 
nDiioonducting nr an nlectric discharge tiTpe of circuit. 

Phototube Control of Tbyratrons. A circuit for operating a 
screen-grid thyratron with a phototube using a-o supply is shown 
in Fig. 8-30.° A voltage divider across the a-is supply provides 
the thyratron plnJc voltage between points b and d. The grid 

' This redurra thr. prohnhility of ionieatioa of any traces of pas in the 
tube, laniaition, if present, would cause a bqiaU niid current, owidb Uithc 
flow of ijositive lona ta tiic negative grid and would therefore lower the 
input, resists occ. If a pentode tube is Used as the aniplifier, its screen-grid 
voUage must also bu low. 

* See p. 120 for discussion of sereen-grid thyrntrons. 
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voltage is the difference between ttie alternating bins \’oltage across 
the resistance cd and ti»c voltage drop across resistance i?o pro- 
duced by current flowing through tlie pliototube. Pluto current 
will, therefore, flow through the relay oa the positive half cycles 
of the supply whenever tliere is sufficient light on the phototube 
to produce a net voltage on the grid that is more positive than tho 
starting voltage. 



Fio. 8-30.— Circuit allowing n Uiyrntroii used to opornto a relay under 
control of a phototube. 

The voltages applied to tlie t1iyr.atroii of Fig. S-SC are shown in 
Fig. 8-37, where einve 1 reprcscut.s the plate voKngo anti cniivo 2 
tlio starting voltage; i.c., wlicncver the grid voltugo is more jiosi- 
tive than curve 2, the tube will couduct. Curve 3 represents tho 
voltage betu-een points c and il, 
which is the voltage applied to 
the grid of tho tliyratron when no 
light is impressed on ibe photo- 
tube. As may l>c seen, it is at 
all times more negative Uian tlic 
starting voltage, and the thyra- 
tron does not conduct, 'W'hem 
light strikes the phototube, cur- 
rent flows during the positive half 
cycle of impressed cmf, and the net voltage .apirlied to tlie thyra- 
tron grid is reduced to tliat of curve 4.‘ It may be seen tliat this 

' AUhougb it iB not anmtter of particular imporlancjo, it is of interest to 
note that the hiss on the tliyratron is unalTcclcd diii'ing tho nogative half 
cycle of iilate voltage, since the phototube also lins iiegalivo voltage on its 
plate and thevefoin wilt not condaet during that half cycle, 
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voltago exceeds the startinR voltage, and the relay will ho oper- 
ated. 

Either high-vacuum or gas-filletl phototubes may be used in 
the circuit of Fig. 8-36, iiul Uik latter generally w\U produte a 
higher response, especially as it 13 difficult to ii.so exceptionally 
high valuefi of R, with thyratron tubes 

Photovoltaic Cells as Control Devices. As shon n in Chap. 5 
it IS possible to use pliiilovoltuic cells to operate a relay directly 
and sa avoid the need for v.acniira-tubc amplifiers. HlimiTiation 
of the amplifier tube materially reduces i)Oth the first tost and 
the mainteuaiico of the equipment, but the intensity of liglit 
requires! is much greater than when photoelectric tubes ore used 
wdth suitable vacuum-tiibc ampliHcis Whether »i photuvoltaic 
or photoemissivo type of unit is to be used must, therefore, be 
determined by the circumstances suriounding a particular instol- 
lutiim. 

Phototube (and, to a Ics-ser extent, photovoltnio) control cir- 
cuits of the type described In the prece<Iing paragraphs may be 
used for many purposes, somo of m hich aio indicating breaks m a 
papar mill, automatic iM^igUing, coiiiiling of inaniaiate objects on 
n proilivction !me, of people, and of awtomohilcs; and operating 
doors. 

ProMems 

8-1. A trlodc tube with cbaractcnstics as la Figs 3-15 and 3>16 is used in 
the eifciiit of Fig. 8-1. The platc-bnttery vAltage is 100. What should be 
Ui« polcutial betHeeu grid aiid catbvde for plate currents of 2 and IS ina, 
respectively (<■! !f the load has Eeromaistanee, (b) it the lavlhae a rr.siat.mce 
of 30C0 ohms? 

6-3. The same tube is to be used in (he eircutt of Pig B-3 Assume tiio 
plate current to flow in half sine-KavR pubes and that tlie erfsl values ol 
these pulses are determined by the eurves of Figs 3-15 and 3-10. Tie 
emf betn een points 2 and 3 is 50 volta, rma. (a) What must bn the rms pn- 
tcntial between points I and 2 ft the plate current Is to bo Just rero when the 
potentiometer is at polut 1? WJiat m tlie average current flon-ing when the 
potentiometer is at point 2, (b) if the remstance of the load is zero, (c) if 
the resistance nf the load is 3000 ohms? 

8-3. The triode tube of Piob 8-2 is to be used in the circuit of Fig. 8-1(1. 
The rcBiBtanno of the relay in 3000 nhms. The potential between points 
e and d is 60 volts, rms. (a) What must he the rms potential between 
points a and c to provide a direct current through the relay of I ma with 
the switch closed? (6) What must be the potential belwuen points 6 and c 
to provide a direct current through the relay of 5 ma when the switch la 
open? (Asaunvs no eondp.naer ar.rosa relay.) 
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8-4. A certain Uo’riilroit tulic, wliicli will deionize witiiin 1000 jisec after 
cessation of plate eurroiit flow and has » tube drop of 12 volts under load, 
is used in tlie circuit tif Fig- 8-H. If the load is n resistance of 100 ohms and 
the ri-c Kourco in the plate circuit liasai'oltagcof 125. wlmt is the minimum 
size of C which will cnsiirc that the grid will aHaiime control when S- is 
closed? (To be on the sixfe side assume that the tube may lire ns soon ns 
the anode is more positive than the cathode.) 

8-6. (a) Repeat Prob. 8-4 for » d-c source volhtgc of 250. (5) Repent 

Prob, S-4 for a load resist-nnee of 500 ohms. 

8-6. A thyratron is uneil in Hie circuit of Fig. 8-lS. The rms voUngo 
between points n .and d is 300. The cliaracterisUcs of the tube are k'^o« 
Fig. 4-25. The resisloncc of the load is 400 ohms, and the tube drop is 
15 volts. If the condensed mercury temperature is 40®C, wliat is tiic mini- 
mum rms value of tbe voHiigsj between the culliude and poitit a that will 
prevent the tube from firijig? 

8-7. A thyratron is used in the circuit of Fig. 8-10. Tlic throe-phase 
supply is at a potential of 300 volts nns. and Uie resisfnnec of the load is 
200 ohms. Determine tlie avomgc current through the lliyrnlron for each 
80 dog of irid phase ahitl. Neglect. t\d«s drop and assume that the voltago 
supplied by tbo phase-shifting circuit is liigli enough so that Hring takes 
place at substuntiatly thesamc instunt the grid voltiigc passes through soro. 

8-8. In the circuit of Pig- 8-20 assume that the condenser has n capaci- 
tance of 7.6 pf, and the hind reKi«lancc ik 100 ohms. ComptiU the value of 
the nJjuRLiibla resistance icquircd to provide n grid plinso shift of (a) 45’, 
(5) 60’. Assume that the Iraueforincr wiiidiiige are so wound and con- 
nected as to give operation as in Fig. 8-215, not d. Neglect the efleet of 
nny grid current and of the magnetizing current of (he transformer. 

8-9. For the cipciiii of Fig- 8-24 compute the 011(4111! voKages for a grid 
ph.ase shift of (a) 30’ and (6)00°. Obtain output voltage in per oeiit of maxi- 
mum voltage (obtaitiftbic with grid and plate in phase). Aasumo that the 
load current is larger than the critical minimum for the choko used, and 
iiDglect. the drop in the ohohe, Lubc.s, and transformers. 

8-10. A pheiotiibe with elmructoristics nfl in Figs. 5-2 tind 5-8 is used iu 
the circuit of Fig. S-36. The triodc Ims cliarncloristicB as in Figs. 3-15 and 
3-lli. The relay has a resistance of 6000 ohms. The battery volt.ige in the 
plate circuit of the triodc is 80 volts; that in the phototube circuit is 90 
volts. The grid le.alc is ],(XX),000 ohms. Tlio rcbiy tijjcratoE on 5 mu and 
releases on 1 mn. (a>1Yh.-tt8liouldbctbebia8 0it the liiodo? (6) Howniuch 
light must lie impressed on the phototube to operate the relay? 

8-11. A phototube witli cliaractcristicsasin Fig. 5-S is used in the circuit 
of Fig. 8-36 using a thyratron wiUi chiimctcriBlics as in Fig. 4-33. The 
rms voltages supplied across the divider arc hk folbiwa: cd = 6, dc = 00, 
he = 300. The total resistance in the plate eircuitls GOO ohms. The resist- 
ance ffc is 600,000 uliins. Rowmucblightmust be impressed on the photo- 
tube to cause the thyratron to fire? 
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AUDIO -FREQUENCy AMPLIFIERS 

High-vaciium tubes may be used as amplifiers, since a signal of 
little or no po^\er may be applied between grid and cathode to 
control a comiKirativcIy large flow of power in (lie plate circuit. 
If the grid is maintained more negative than the cathode, it will 
not attract elcotrons and the grid current will be substantially 
zero; thus the lube will clematid almost uo input puwer. At the 
same time the voltage appearing acrass the plate output imped- 
ance is, in general, greater than that impressed on the grid, giving 
the tube some of the characteristics of a ti-an’iformer. The ability 
of the tube to provide an incrra.*?e or amplification of power has 
made it one of the outstanding contributions to the electrical art 
of recent years, since a transformer may increase the voltage but 
not the power, whoreas the vacuum tube will do both. 

Haeically the high-vacuum tube is of the naUiro of a valve. Its 
apparent amplification of power is due to the action of its grid in 
controlljug the flow of d-c power in tho phte edrenit. Thus If a 
signal representing a fow microwatts of power is to be amplified, 
it 18 applied to the grid of a tube through a suitable circuit, such 
as described later in this chapter, and controls the flow of power 
from a d-c source which is applied to the anode of the tube through 
a suitable load Impedance. If the signal to be amplified is alter- 
nating in nature (as is most commonly the case), the d-c plate 
power flow will be varied in such a manner as to produce an alter- 
nating component in the output which may, under proper circuit 
conditions, be of the same wave siiupe as the impressed signal. 
Thus, coat cal action of the vatnnim tube ha.'i made p<jas,ible many 
far-reaching developments such as talking pictures, radio com- 
muoication, long-distance tdepbony, television, and radar. 

Gas-filled tube.s are not commonly used as amplifiers. The 
grids of most gas-tilled lubes arc incapable of instantaneously 
controlling the magnitude of Uie plate current, their function being 
limited to that of starting the flow of current at a given time. 

25G 
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Thus gas-Ii!led tubes are csscniiftlly “on-ofT’' control devices, lat.her 
than amplifici-s, iind am used principallj’’ in industrial applications 
such as were treated in Chap. 8. 

Classes of Amplifiers. Amplifiers are most commonly divided 
into class A, class AB, class B, and dass C amplifiers. Appcadi.K 
A give.? the definitions of llrese toHous classes, as defined by the 
Institute of Radio Engineers. Briefly, class A ampHfici-s are 
those in which tho plate eniTcnt flows throughout the grid ^mHage 
cycle and is of essentially the same n-ave shape as tho signal 
impressed on the grid. The plate current in class B umpliticis 
flow.s for approxiruately one-ltalf of each cycle; that of class C 
amplifiers flows for appreciably less than oiicdialf of each cyelo. 
Class AB amplifiers are intermediate between class A and class 13. 
Ocoasionully the subscripts 1 and 2 ore used, as class Aj, class 13j, 
etc., tbo subscript 1 indicating tliat the grid is negative at all 
times throughout its cycle of operation, and 2 indicating a positive 
grid string during a short portion of each cycle. 

Amplifiers may also ho classed ns auAio-frequency, rflrfio-/rc- 
gitciicj/, video-frequency, or dirccl-currenl. Audio-frequency amjjli- 
fiers are those designed to amplify frequencies witliin the audible 
spectrum, i.e., approximately from 15 lo 15,000 cycles, and arc 
usually class A or, when two tubes arc used in push-pull, class AB 
or class B. Radio-frequency amjflificrs arc those designed to 
amplify any signsil of frequency higher tlian the audible spectrum 
and, except in radio r«!ccivei-s, are commonly class C or, when tho 
signal is modulated, class B. The latter are often referrctl 1.o as 
linear amplifiers when used In sucli service. Vidco-froquenoy am- 
plifiers are those designed to amplify tho frequency band required 
for television, i.e., up to perhaps 6 Me. 

Amplifiers may also be classified as power amplifiers or vollaf/e 
amplifiers. Although all amplifiers are, in the .strict sense of tho 
word, power uinpliftei's (else they would not be amplifiers), '\'o!tago 
amplifiers are used in circuits where only a small purl of the maxi- 
mum power output of the lube is required but a coii.sidcraljlo 
voltage gain is desired. Transformers may not be eeijablo of 
supplying the need, either because some power gain is necessary 
or because the frequen«^ response or input imixidaiice requiru- 
ments may be such as to make the design of a suitable transformer 
impractical. Vacuum tubes have amuch higher input impedance 
than is obtainable with any reasonable design of transformer and 
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ttws are ideal for iacreafung; the voltagp from a high-impcdatiee 
source, such as no often is encountered in communication work. 
With suitable circuitB they may also bo used to amplify a cun-ent 
or to cause a given voltage to produce an amplided ennent. 

Distortion. In most applications of a-f amplifiers it is desired 
that the cluiiiges in plate current be exactly proportional to the 
changes in iipiilied grid potential; and this should be true, within 
t-ertain prescribed limits, no matter luiw rapidly these changes 
occur or hnw great may he thrir 



Fm 0>1 Klnm than one 
freuusiicy compoaant is aeo- 
erally applied to the grid of « 
triodu ampliGsr at any rivcd 


roagnitnde If two or rnore sinu- 
soidal emfs of different frequencies 
are siinuUuueuuely impressed on the 
grid of a (node amplifier, no Jn Fig. 
d'l. (he induced voltage across the 
load should contain exactly tlie same 
frequeuoy coinponenls in the scuna 
relative phase positions, each ampli- 
fied to the same degree-, also, if the 


impressed einfs are varied in mag- 


nitude, the componouts apjx'aring in the outpuli Hhoiild vary hi 


magnitude in a direet ratio. Unless this is true, distortion is 


present. 

Distortion may be divided into three classifications: 

1. Amplitude ur harmonic distortion. 

2. Frequtmey dist.orlion 

3. Phase distortion. 


Amplitude distortion is said to e.xist when tlie ratio of output to 
input voltage varies as the amplltiido of the impressed signtil 
varies U is chtiTtwtcriscd by the introduction of new components 
(or harmonics) having frequencies equal to multiples of the im- 
pressed frequencies and to the sums and dillerenceH of IhewQ fie- 
quencies and their hannotiies Arnpliturlc distortion is caused 
hy any nonlinear circnit element, usually the tube since the 
cKaractcsUtic cutvea of vowunm tubes am not straight. It -may 
be kept small by operating the tube on the strEiightcat portion of 
the characteristic curve and the use of oxtemal circuit clcmcnta 
of such magnitude as to minunise the effect of tube curvature. 

Frequency distortion is said to exist when the ratio of output 
to input voltage varies as Hie frequency of the impressed signal 
varies, its ainphtiide rnmaining constant. No new frequency 
components are introduced, but the relative magnitudes of the 
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various componeats aitj cliangcd. Frequency distortion is caused 
by circuit impedances which varj’- in magnitude with fi'eqiiency. 
Tiiese impedances arc largely in the external circuit associated with 
tlie tube, but the capacitances betrveen the electrodes of the tui3e 
also have an appreciable effect at the higher frequencies. 

Phase distort, ion ia said to exist when the relative phases of the 
various frequencj’ components are different in the output tlian they 
arc in tiie input. This phase shift between the vaiious components 
is due to a. difference in time deky through the circuit as tl\o fre- 
quency is varied, the phase shift being zero if all compoiient-s are 
delayed by the same amount. That this is true may be seen by 
noting that equal time delay will cause all components of a given 
portion of a cuini)lcs impressed wave to arrive at the outp\H. in 
exactly the same relation, one to the other, as thej'' occupied 
at the input. At low frequencies phase distortion is duo largely 
to reactance in tbo external circuit elements of tiic amplifier, 
l)Ul at very high radio frequencies the transit timn of the oloctron 
in passing througti tlic tube also causes nppreciablo time delay. 
Phase distortion may be kept small by <lasigning the circuit of the 
amplirior to keep the delay of all components approximately etpml. 
This frequently means that the delay is kept as near zero ns pos- 
sible. 

Decibels. Amplifier gain is commonly measured in deefijok, 
abbreviated dij. The decibel is cssentiolly a power ratio unit as 
indicated by the defining equation’ 

db-lOlos,.^ (9-1 )• 

where Pi and Pi are tbc output and input power, rcspect.ively. 
Since P = E'/R, Eq. (9-1) may be written 

j. Es Ri 

db = 

or, if the resistances are equal, 

db = 201og..J (9-2)* 

‘ The asterisk (*> after an cc|natinn indicates Uiat the equation is n fiiuv! 
result rather than a pi'eliininaiy equation leading to a mallicniatical con- 
clusion. At subsctiucnt points in this chapter equations marked with nii 
asterisk will follow a number of preliminary equations not fi.i nmrkcd. 
(Sec preface to the first ediUon.) 
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The decibel is often used as a unit of actual pou'cr output by 
giving the number of decibels above a given reference level. 
The reference level has varied with the applicntion, resulting in 
conMderabh*. corifusiun, but the level most comnaonly used in broad- 
cast and sound vrorh has Ijorti 1 mw. Tims an output of —20 
db indicates an output of 20 db below t mw. If these values are 
inserted in Eq. (9-1), the result will be 

- 20-10 106 . 5 ^; 

winch, when solved for Pt, shows that the power output is 0 00001 
watt, or 10 pw. 

y/Input Admittance of a Vacuum Tube. It has been stated that 
the impedance bet^'cen grid and cathode of a tube, when used as 
Ein amplifier, Khoiild be as Jiigli a^ possible. The grid js notmiiliy 
mamtaiced negative to prevent the flow of electrons to that elec- 
trode and so keep the impedance high. However, even with a 
negatlvo grid it is prubable that neither the resistive nor tiio reac- 
tive components uill be even opproximotely infinite owing to the 
capacitances between the grid and the other electrodes in a tube 
These capacitances are usually small, being of the order of 2 to 8 
ftut eacii, but the grid-ptale capacitance is lu series with the filatc 
voUago, wWch matcrisiHy increases its cffwit on the input circuit, 
as will be shoivn. 

The circuit of a simple amplifier using a tilode tul>e is shown in 
Fig. 9-2a and the pomplnlc equivalent a-c circuit, jncludmg the 
capacitances, in (h), assuming the gnd to be maintained negative 
throughout the cycle. Since we wish to know the admittance as 
Been from the generator E* wc must first determine the current 
r„ after which the admittance may be found from Y = I,/E,. 

The potential difference between points A and B, Fig 9-2E*, 
is E;,, the plate voltage, lu succeeduig sections of this chapter 
we shall develop viiiiatioiiH for this potential in terms of E® for 
the various types of amplifiers', therefrite, it will simplify out pres- 
ent problem to replace that entire portion of tlie circuit of Fig. 
9-2b which is conlaineti in Uie dnalicd liniw, with n single generator 
having a voltage Ep. Since Ep can be c.vpressed in terms of E, 
we may write Ep = AE* where A is a vector having a magnitude A 
equal to the ratio of llio inagnitadts of tUu plate and grid voltages 
und a phase angle a equal to the difference in phase between the 
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two voltages; tlierefore, we may write k — Ah. RefciTing to 
I'lg. 3-26 it \Yill be sccu tliat a will have a value of 180 deg. for a 
resistance load. It seems preferable to use the angle between 
— ;xE„ and Ep which is sero for a re^aace load and is equal to 
{0 — for reactive loads (see Jigs. 3-28 and 3-30). We may, 



(«) 




(c) 


PiQ. 9-2. (a) Triaile nmiilificr nlth load imiwdance Z. nml (c) Equiv. 
alenl oirnuits of (n) for (l(rli!rjiiijunEthc input adiniUunc'C. 

therefore, write A = rl /lSO** + = —AH'. The cirouit of Fig. 

9-26 may now be replaced by that of (c). 

The inp\it admittance of the tube may now be determined by 
solving for the current Ij, iu terms of Uie circuit constants and divid- 
ing this result by Ej, We may write* 

' Thixiugliout tht! rest of this book veetare and complex quontitioa aro 
indicated by llie use of boldface type. 
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I, = i;+l7 (9^) 

i; = (9-4) 

I" = (E, - (9-5) 

1" - (E, -f AE,/f}j<4C„ C9-5a) 

Equution 0-5a) may lie handled mo«t readily by changing into 
rectangular cotirilinules, 

li' *• juC,,, [E„ + AE.<oos J sin i/-)! (9-0) 


Siibslilutiiig licp (9-0) ami (9-1) Into Eq (9-3) and dividing by 
E, Rives 

Y, = ^ =- -AuC,p sin + MC,t + C,f -f- AC,p cos (9-7)' 

Inspection of Eq. (9-7) shows that both liis in-phasc uud quad- 
rature components of the Input admittnnec are afTeeted by the 
plate circuit. Furthermore, if <nn w positive, the m-phnsc com- 
ponent is negative. 'Jliis means that vnrrg>’ is boing fed back 
through the grid-plate cap-ncilnnce in the proper ph.'iso to supply, 
at least partially, the losses in the circuit. "With suitable input 
and output circuits an uUeniuting cinf may be sob up between grid 
end cathode and sustained by thh fecd-b.ael{ action, producing a 
useful output in the plate circuit (see discussion on the tuned- 
giiil-liiiied-plate oscilialor in Clin{>. 11, page 445). 

A vector diagram of the wnrents and potentials of the tube is 
shown in Fig. 9-3, (a) being for a lagging plate cunent and (b) 
for a leading current. Tire component I, of tbo grid ciirrwit is 
shown lending the. gr«l voHagi*. by 90 deg according to Eq (9-1) 
while l" leads the voltage {E„ — E,) by 90 deg according to 
Eq (9-5). The resultant grid cunent I, is been tn have an in- 
phase component which is negativ’c with respect to the gnd voltage 
m (n), feedback of caergy as stated m the preceding 

paragraph, while the in-phaMi cuinponeut of grid current is posi- 
tive in (£>) indicating consumption of power by the grid circuit. 

The term in the parentlicses of Eq. (9-7) i.s the equivalent tnput 
capacitance of the tnude or 

C, = C,». -b (1 + A coH 1,^) C„ (9-8)* 
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Equation (9-8) shmvs that the effect of the gricl-plale capacitance 
Cpy is increased by tlie factor (1 + A) under the eonimon condi- 
tion of the jjiate voltage bang in phase with — pEp. Since A 
is usually many times greater than unity, the equivalent input 
capacitance of a tviode is much larger than its geometric capaci- 
tance (Cpt -}- C,^). For example, suppose a tviode to liave the 



Ca) Lagsing power focter 



Fi«. 9-3. Vector (liagntms of the circuit of Fig. 0.2c. 


following intcrelectrode capacitancos : Cgt = <lppf, Cgp = 6 ppf- 
and suppose the gain of tJie tube, with a given resistance load, to 
be 5. The equivalent input capacitaaoe Is tiicii 

= 4 -i- (1 -h 5)6 = 40 

which is considerably more than the geometric capacitance of IL 
ii/if. The reactance of a 40-/i^ conihniser at a frequency of oiilj’ 
10,000 cycles/sec is but 400,000 ohma, imd at ladio fretiueiicie.s it 
cevtainiy cannot be n^Jected- 
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A more general form of 13q. (9'S), apfrfJcable to multfgrid tubes 
as well as to triodcs, is 

C, = C„ + AC„ cos ^ (9-9)* 

Here C,. is the geometric input capacitance of the tube; i.e., 
it is the total capacitance between the grid and all other elec- 
trodes of the tube, including the cathode, the other electrodes 
lieiug tied together. In the tnode Cin =» C,i, + C„ since the 
cathode and plate are the only other electrodes in the tube. In a 
pentode tins capacitance must include the effect of the screen 
and suppressor gnds as well. Tube manuals give Cin for most 
tubes. 

In pentodes the capauitance C»p is very small owing to the pres- 
e;jcs of titu soreeo and suppressor grids so that the eqiiivaleni 
input capauituiice C, is very nearly equal to the geoiuetrio capuui- 
taace Cm As au example, consider a typical pentode in wbloli 
Cia = 8 uiif and C,r = 0 (K)5 fwif. If tlie gain of the tube with a 
given resistance load is l/iO (a typical value for pentode ampli- 
fiers) Eq. (0-0) gives 

C, « 8 + ISO X 0.005 - 8.75 p;if 

which is only slightly higher than the georneirio capacitance of 8 
>i;if Incideiilally, if a gain of ISO were possible with the triude 
tube of the preceding e.xample, tuslead of S as assumed, C, fur the 
tnode would have been 4)10 ft/it. 

1. VOLTAGE AMPLIFIERS 

A voltage amplifier was defined in an earlier section of this chap- 
ter as One designed to produce a large increase in voltage, with 
power output considerations being secondary. Voltage ampli- 
fiers may be classified by the type of coupling used betiveen tubes 
as rcsisfatice-couplcd, frona/vmer-ampfed, and impcilanca-cowj/led 
amplifiers ’Those described m this vhapler arc all class A and 
are designed to amplify audio and video frequencies only. 
v'Resistance-coupled Amplifiere. The distinguishing feature of 
a resistance-coupled amplifier m that a resistance is inserted in 
the plate lead of the amplifi^ tube and the output voltage is 
developed across this resistance. The baaio circuit of a resistance- 
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coupled amplifier is shown in Fig. 9-4, in wliicli tiibe 1 is the ampli- 
fier tube under consideration and Si is the resistance in series 
with Uie plate of the tube, across which the output voltage is de- 
veloped. While batteries are not normally used in commercial 
amplifiers, they are shown here to simplify the circuit for the 
purposes of discussion. Practical circuits in which the direct 
voltages for both plate and grid are supplied by a single rectifier 
are shown later (Fig. 9-8). 



7ia. 0-1. liiisic uircuil of n two-staec, TesistiincO'COuplDci amplifier. 


Tlie output voltage is applied to tlic grid of tube 2 Lliroiigh the 
condenser C.* lliis condenser prevent the direct voltage in the 
plate circuit of tube 1 from offecling (he grid of tube 2 but poi'inits 
the altomating component to bo impressed on the grid. As the 
input impedance of t.ube 2 is very high, t.hie condenser need not be 
large; a reactance of some tens of titousands of ohms will be neg- 
ligible as compared with the input impcduncc of lube 2 and tlie 
paralleling resistance lie- The resistance R^, generally known ns 
the grid leak, provides a paUi from the grid of the second tube to 
tlie C bias to maintain the grid negative and drain off any elec- 
trons collecting on the grid during a momentary positive swing 
under large excitation voltages. It is usually of the order of 0.5 
megohm. 

Equivalent Circuits of Resistance-coupled Amplifiers. The 
performance of rcsisiajice-coupled amplificra inaj^ be analyzed 
best by di'awing the equhralent circuit (Fig. 9-5o). The tube is 
replaced by a source of altematii^ voltage — pEo and a resistance 
Tp (see pages (30 to 04 for proof of the legitimacy of this substitu- 
tion). Capacitances Ci and C- are intended to represent the in- 
ternal capacitances C, of the plate circuit of tube i nnd Cp of the 
grid circuit of tube 2, respectively, togcUier with any capacitance 

’ Tube 2 is also slwwn as rcsistanee-coujllcd, altliough any otiior typo of 
coupling may be employed. 



26Q 


AUDia-FREQUBNCY AMPLIFIERS 


[CnAP. 9 


external to the tube, as in the mring. In triodcs the capacitance 
C, ia much larger than the geometric electrode capacitance Ci„, 
owing to reaction from the pluto lanaul {see Eq. (0-9)1, but 6% 
is usually equal to in all tubes. 



(b) Generol (coes^ont-eurrent gen* rater) 



Fio. 9-5 Equivalent circuits of a resWtttnce-ceijpIecl amplifier. 

The solution of this circuit can he somewhat simplified by chang- 
ing the constant- voltage generator of Fig. 9-fia to an equivalent con- 
fitant-ciiiTPnt generator. This may be done by applying Norton's 
theorem to that portion of the drouit lying to the left of points 



Chap. 9] 


nESISTANCE-COVPLBD AitPJJh'IERS 


2G7 


AB.'^ Tliis wOi give a cohslant-currcnt goneratof delivering a 
current I = —tiEJr, = —gt^e, with an intei'iial shunting im- 
pedance of Tp. With tliis diange the circuit of Fig. 9-5a becomes 
that, of Fig. 9-56. 

Most resistance-coupled amplifiers are designed to amplify 
components of all frequencies equally thiwighout a given fre- 
quenej’ spectrum. Unis it is necessaiy fclmt tiic capacitances 
and resistances constituting the output circuit of the tube be of 
siioli magnitude that tlie ciqxicilances (including those of the 
associated lubes) have n^igible effect throughout the desired 
range of constant gain. Within this limited frequency range, 
llicreforc, the circuit may be Bimplified by eliminating the capaci- 
tances Cl and Cs and replacing C with a short circuit, ^^•llence the 
constant-current generator works into a resistance lU equal to the 
three resistances r,, Rt, and R, in parallel (Fig. 9-5c) where 

7? — ^ fjlR l Rl /Q 

(l/fv) + (l/ft) + (l/«.) r^!t, + r,a, + ll,Ii, 

’ Norton’s Iheorom Btntrs Uialnny nclnorkof ecnerotora anti impodniiccs 
supplying a given load imjvedancc ntay Iks ropUicRd by a simpln goncriitor 
delivering a current I anti linring no intcrnAl sliunUng impodnuoo Z, whore 
I is tins current Unwingwhen thcterminaleof Utc network are Bhort-olrcuitod 
and Z is the ioipedanco mcAMircil looking back into (lie uctvvurl: with nit the 
generntotB replaced by impedances equal to Uwir internal imptninncDs. 
(For proof of this theorem see bookH such ah W. L. ISveritl, “CommunicAlioa 
KngiiieerinB,” McQraw-IIill Book Company, Ino., New York, 1037.) 

As an example of the application of this theorem coneidor the circuit of 
Fig. a of this footnoU-. Norton’s theorem may be applied by considarinB 
Zj as the load and the rest of tho dreuit as the network of goncrators and 
imiicdimcuH. Application of Norton's theorem 'vill give tho circuit of Fig. 0 
in whicli tlic geucrator delivers n current I equal to tlic current flowing 
when the terminals A and B ore shorted in the oripitnl circuit of Fig, a, or 
I >= E/Zi, and tlic BhiiiitiiiK imircdancc Z in Kg. h is tlmt wliicli is Been 
looking toward tiie left from termitmls All in Fig. a witli the gcuoralor 
voltage equal to r.ero, or Z = Zi. 
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At frequencies above the desired rant^, the effect of the capaci- 
tances Cl nnd Cl ia flpprcciafjlc, wficrcits tlmt of C continues to 
be negligible, and the circuit reduces to that of Fig. 9-o<f; at fre- 
quencies below the desired range, Ci and Ct have negligible effect, 
but C must bo considered, ^ving tl>c circuit of Fig. l)-5c where 




1 

(l/r.) + (1/V^,) 


(9-11) 


Computations of amplifier gain arc simplified by tiie use of (fu se 
cjruuita, sinvu n fusv simple ealculatious will show which, if nny, 
of the capaeitancea arc negligible iit a given frequency’ and, there- 
fore, which simplified circtiit of Fig. 9-S should he used. 

The cur\*e of Fig. 9-C shows the variation in gain with fre- 
quency of a rctistauce-coupled amplifier using a triodu lube Iha 
vffeot of the cupacUuncc C at (he lower frequencies and of the 
eupauitances C| and Ci nt tlws higher frequencies may be clearly 
teen. The curve is ne.arly flat over n very wide frequency range, 
d principal advantage of thb type of coupling. 
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Pio. S-U Gain vs fiequeDcyclisracleristic vfuriisiitunce-cuupIeJampIiBer. 

Gain of a Fesistance-coupled Ami^fier. The gain of voltage 
amplifiers may be expressed in terms of decibels as 

Gain in db =* 20 l.ig,, ^ (9-12) 

Jif 

where E' and E, are the magnitudes of the voltages impressed 
on the grids of tubes 2 and 1 of Fig. 9-4, respectively’, or it may 
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be expressed as the simple ratio of tlic tw’o grid voltages 

A = (9-13) 

Kg 

where A is the voltage gain of the amplifier expressed as a ratio. 

Equation (D-13) gives no indication of the phase difference be- 
tiveen E, and E,. In the circuit of Fig. 9-4 t!ie output and input 
circuits are entirely independent of each ollrer, and the relative 
phase of the two voltages ia unimportant. Information I'egaitlitig 
the phase shift is of gi-eat importance, liowevcr, in fecd-haolc ampli- 
fier's and in amplifiers used for television pni^roses. Therefore, it 
seems desirable to express tJic ninplificr gain as u complex number, 

A =. (9-13) 

where the voltages ate vectors as indicated by boldface typo. 

The gain of a icsistiiDcc-couplGd amplifier may be determined 
by direct 8olu<.ion of tho networks of Fig. G-5o or li, i)iit suoli a 
procedure is laborious and ti»c woric may be more readily cai'ricd 
out with the aid of the stmidificd circuits of c, d, and c, Fig. fl-S. 
In Fig. 9-6c the output voltage is equal to the current times the 
resistance I?o oc 

E; = I/?. = (-g«E,)/Jo (9-15) 

SoU'ing for A g^^'e8 

A„ - e;/E, « (9-16)* 

where the subscript m under A indicates that this equation applic.s 
only to the mid-freqiicnoy band to which f.he circuit of Fig. 9-5c 
is applicable. 

Equation (9-16) shows that tliere is no phase shift througliout 
the frequency range to which the circuit of Fig. 9-5c is applicable, 
except for the ISO deg phase reversal which takes place in the tube. 
It also sho\s'B that the gain throi^hout this range is independent 
of frequency, corresponding approximate!}'' to the fi'cquency range 
1.50 to 100,000 cycles/scc in Fig. 9-G. 

The gain at frequencies above the flat mid-frequency range of 
Fig. 9-6 may be found from the circuit of Fig. 9-6d. From this 
figure we may write 

p/_r - 1 ^ n.Xr 

(l/iW - il/jXr) + jRo 


(9-17) 
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\/uCt- TIic gnin is therefore 

* _ E: _ ^ p Xr 

A* — p gmtia 


Tr/180* 

V.\V-:rB,- /tan-’(R/-Yr) 

where the subscript A under A indicates that these equations arc 
applicable only throughout the h-f‘ rouge to which the circuit of 
Fig. D-5d applies. Inspectiou of hq. (0-20) shows that the magni- 
tude term, when plotted against frequency, will producw a curve 
sbnllar tc that of the h-f end of the curve of I^g. 0-6. The phase 
shift in the amplifier is seen to lag behind the I80<deg phase rever- 
sal taking place in the tube, by un umount that increases with fre- 
quency, approaching 90 deg as n liniit. 

■Por fretiucnoicB hclow the flat mid-frequency region of Fig B-fi, 
the circuit of Fig 9-5e must be used. For the voltage across 
we may write 

' - 1, - 1 - - 
Ji, - pc. 

where X = ’i/aC. The current through Rf is 


K, — jX, 

The output voltngc jg evidently 

K = (9-23J 

Substituting Eq. (9-21) into (y-22) and Biibstituting the resulting 
e?ipre5sion into Eq. (9-23) ^vc 

Ej « (9-2J) 

a -jy. ' ' 

* Throughout thin chapter the abhrevtatiems "h-f” and "l-f” have bveu 
used for “high-frequency” and "low-frequency,” respectively. 
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To simplify, let 

ft. + «, = R, (9-25) 

Also, since Rn is the resistance of tp, fti, and ft in parallel and 
Ro is the raaisUnicc of and fti in parallel, it is evident flint Rn 
is the resistance of and Rg in parallef or 


p _ ftift ^ ft ft 

* ~ Rg + Rg R. 


(9-26) 


Solving Eq, (9-20) for ftft and siibslitiiting this value and Eq. 
(9-25) into Eq. (9-24) 

e;- -9.E.ayj-5'5x, 

We may now write Uic equation for gain, in polar form, as 


ft /ISO” 

■ “ VSTy ?/ -' tiin-' (.V./E.) 


The subscript I under A indicates that this equation applies only 
to the 1-f range to which the circuit of Fig. 9-5e applies. Inspec- 
tion of Eq, (9-29) shows that fJie magnitude term, u'hcn plotted 
against frequency, will give a curve similar to the 1-f end of the 
cuive of Fig. 9-6. The angle in Eq. (9-29) shows that at the 
lower frequencies the phase shift exceeds the normal 180 deg pro- 
duced in the tube by an angle that approaches 90 deg as tJic fre- 
quency approaches zero. 

A study of Eqs. (D-IB), (9-20), and (9-29) discloses that all 
contain the common term It may he seen that the tci'm 

under the radical in Bq. (9-20) irill approach unity as the fre- 
quency drops tOM'urd the middle or desired range, whereas that of 
Eq. (9-29) approaches unity as the frequency rises. It is, there- 
fore, possible to write a ^glc equation for tlic gain of a resistance- 
coupled amplifier that applies to all frequencies liy combining 
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Eqs (9-10), (9-20^ and (9-29) to Riv-e 


Vi H- (nu*/.Yr*) Vi + 

■cy 


^ lta]° — «ati-» + tan-‘ ~ (o^O) 


where A = vector volts^e gain of eingle-elnge amplifier 
Cn *■ mutual conductance of driving tube 
Xt ■“ reactance of condenser Cr 
X, = reactance of coupling condenser C 
T, = plato re»stuncv vf driving tube 
Rt ™ value given by Eij (0-10) 

^ /?, " value given by E<t. (0-25) 
rreguency Response of Renstance-eoupled Amplifiers. Tliere 
are two rcquiioiucnts to be ntet by most rcsistance-coupletl ompli* 
finrs. (1) They must produce unifonn ruspuiiee o\*er a given 
frequency band (see Fig. 9-0) and (2) they sbculd produce the 
maximum possblc gain consistent with securing the desire<l fre* 
quency response. iE^uation (9-30) shows that the maximum 
gum is which is thv gain in Uie mid-frequency rouge. If 
the nmplificr is to linvc a flat resporew curve, it is obvious tli.it the 
gain throughorit the entire desired frequency band should be equal 
to g™7?o This will be the case if Ro/Xt and X^/li. are small 
compared with unity. Thcnifore, Rn/Xr <K I at the higliest fre- 
quency that it is desired to amplify, and Xt/li, « 1 nt the lontsl 
frequency. The upper and lower frequency limits may evidently 
l>e cYtended by decreasing Cr uitd increasing C, respeetii’el}-, but 
there are obvious limits to this course of action, especially at the 
upper Jxequj.vjcy Jiiuil. Jl is pcrsaildc lu iiphii.-ve the same ri*i.ijJts 
by decreasing Ri> find increasing /?,, which mny be done for u 
given tube (therefore, for a gnen value of r,) by decreasing Ri 
and increasing Rc- The decrease in /?» evidently results in a loss 
in gain, but tliis is the price that must often be paid for a good 
fnitjiiency response. 

Equations may be derived for the maximum and minimum 
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frequencies above and below whicli the gain is less than a desired 
fraction of t-he mid-frequency gtm. If this fraction is K, we may 
write Ai/A„ = K at'fhe minimum frequency and Ah/ An -■ K 
at the maximum frequency. After substituting the values of 
An, Ah, and Ai from tJ>e magnitude terms of Eqs. (9-16), (9-20), 
and (9-29) into these rai.ias we may solve for these minimum and 
maximum frequencies, finding for the minimum frequency 


/»!.= 


K 

2rR,CVC^^- 


(9-31)* 


and for t he maximum frequency 
{ = 

2vkR^T 


(9-32)* 


A common value for K is 0.707 (3 db dovm from the mitl- 
frequency gain) which moans that ibc oul.pnt voltage at tlio mini- 
mum and maximum frequencies has dmpped to 70.7 pei- cent, of 
the mid-froquency value. Si*bstil.iiting 0.707 for K in Eqs. 
(9-81) and (9-32) gives for the minimum frequency for a S-db 
drop ill gain 


A 


1 

2zn,c 


(9-33)* 


and for the maximum frequency for a 3-db drep in gain 




(9-34)* 


The frequencies A and A are oflcn Imown as the hnlf-power jjoints 
because the power output at these frequencies is half the power 
output in the mid-frequent^' range. When the half-power points 
have been determined from the two preceding equations, it may 
be said that the amplifier gain is flat lietween these two limits. 

Equation (9-34) may be rewritten as 



which shows that the uppear half-power pointoccursat a frequency 
lor which the reactance of the shunting capacitance equals tlie 
equivalent resistance Rt. A siinilar analysis of Eq, (9-33) shows 
that the reactence of the series-blocking condenser C is equal to 
the resistance Re at the lower half-power point. 
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Universal Amplification Carres. Equatiun (9-30) may be rc- 
WTitten by replacing R, and 7?» with expressions obluinccl from 
Eqs. (9-33) and (9-34) and expressing ATp and A', in terms of 
Crand C, respectively, asfolloirs: Re — R, ~ l/2x/iC, 

Xt = l/2irJCr, and Xc = l/2sJC, where /i and ft are as defined 
in thn preceding section and / is the fcecpiency at which the per- 
formance of the amplifier is to be determined. AVlicn these 
substitutions are made, Eq (0-30) reduces to 


■ g^Re 


I 1 _ 

vr+ 

Hifb Ir«QM«Ti^ lAwffcquMior 
9 cnxSt^ltyi^ 


/iso* - tan-* ^ + tan-’^ (9-35)* 

T«U ohM niil.-rreauMacr lirw rrMueney 


The l-f uad h-£ multiplying factors of (9-55) are plotted in 
yig 0-7n ngninst fi/f or ///, as the abscissa, nnd tbu phase shift 



Fig. 9-7. Uuivcrsal ampli&eatlou and {iliuee-abift curves. 


over and above the normal 180-deg phase reversal of the tube is 
plotted in Fig. 0-7fc. Application of tliesn curves merely requires 
the computation of the ficqueneioa f\ from Kq. (0-33) and ft 
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from Eq. (9-34). Numericsal values may then be i-eud from 
the curve to obtain the gain and phase shift of the amplifier at 
any desired frequency in tenns of iUi mid-frequency perfonnance. 

Characteristics of Tubes Suitable for Use in Resistance- 
coupled Amplifiers, liquation (0-.30) shows that maximiun gain 
will he realized by using a tube with high g„. A liigh f, is also 
desirable (wliich ineiuis that it ^ould also be high, since ft = 
gmTf) or at least Tj, should be large compared to 7^l, since this will 
ensure a maximum value of lU for a given value of Tfj; Most 
commercial tube.s suitable for a-f voltage amplifiers, both triocles 
and pentodes, have approximately the same g^, being of the order 
of 1000 to 2000 pmhos, but pentodes luivc a much higher Tp than 
triodes and are therefore preferred for reastancc-couplecl ampU- 
fiera. Another reason for preferring the pentode is that its equiv- 
alent input oapacilauoc is lower thou that of the triodo, since the 
screen and suppressor grids virUmlly eliminate the grid-plate capao- 
itunce (see pages 2G0 to 204). 

Video-frequency amplifiers, such as arc used in television trans- 
mitters and receivers and in radar units, must amplify such a wide 
band of frequencies that Rt, must l>c made very small, only a few 
thousand ohms, This is accomplished by reducing the'cciipHng 
resistance R\ to a fe^v thousand ohms, whence i^o - for all 
practical purposes. The gain of such amplifiers using uunven- 
rionn! tubes is necessarily very low, but special pentode tubes 
have been developed for sucli service whicli have a Qn as high as 
10,000 ^mhos. With these tubes and with special compensating 
networks to improve the h-f and 1-f response so that Ri maybe at 
least several thousands of ohms, gains of the order of 50 (34 db) 
per stage are obtainable over a frequency range from a few cycles 
per second up to several megacycles per second. 

Tubes with high values of g„ axe not used in ordinary resistance- 
coupled amplifiers designed for a-f service, even though Eq. 
(9-30) indicates that the gain diould increase direcl.ly with g„. 
A reason for avoiding them is that tlicy draw a relatively largo 
plate current, one such tube having a rated plate current of 10 
ma. This magnitude of current flowing through a coupling re- 
sistance of 100,000 ohms, as is commonly used in a-f amplifiers, 
would require a plate supply voltage of 0.01 X 100,000 = 1000 
plus the normal plate voltage of the kibe. lu a video amplifier. 
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OH tli(? other hand, where Ri is perhaps 4000 ohms, the supply 
vnltngc need be only 0 01 X 4000 = 40 plus the tube plate volt- 
age , therefore, the high plate cuneut is leffs objectionable. 

It should be evident fTora "Rqs. (0-10) uiul (0-3 1 ) that, when the 
band width' of an .tnnplifier tisin^ a given tube is increased by 
reducing Rt (and, therefore, flu), the improvement is always 
obtained at the expense of the mitl-frequency gain. The extent 
of the reduction m gain is to a large extent a function of the lube 
used, since ii tuIie with a higher g^, or with lower input or output 
capacitances is capable of pnvliietng n higher gain for a given hnnd 
width. 

A good figure of merit for n given aroplifier is obtained by taking 
the product of the mid^frequency gain and the band oidtii of the 
LiiiiphSer. The gain is given by Eq. und tliu baud width 

by Eq (D-34), The product of these two CAprossions, disregiird- 
ing the phase angle, to 

(Gain)(baT»d width) (9-30)" 

The capacitance Cr includes the wiring capacitances as well as 
the tube capacitances. The figure ol merit of the tube alone is 

Figure of zneril ol lube » (9-3T)* 

where C, ia the total cnpacitance behrecn plate and cathode of 
the tube and Cg is defined by^Eq. (9-9). This shows that, for a 
given band width, the amplifier gain may be increased by usng a 
tube having either a higher g-, or lower electrode capacitances, or 
both. 

Magnitudes of Circuit Elements in Eesistance-coupled Ampli- 
fiers. The re.'sistiinec Ri should not be m.ade too large, even when 
a very wide band width is not teqalred, since the d-c drop through 
this resistance will reduce the plate voltage on the tube and tliere- 
lore decrease g„. This may he remedied hy an increase in the 
voltage of the d-c supply, but them are praoticid limits to this 
method of solution. The msistonec Ri is usually of the order of 

' strictly apeaWng, band width is equal to/, — but/, is noncmlly so 
small compared to/, that the diffetrace between the two frcriueneieB is 
practically equal to /,. Thus U may be smd that the Uaiid width is given 
byHq (0-34). 
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50,000 to 500,000 ohms in a-f amplifiers and a few’ ihousand obms 
ill video umpliriers. 

The grid-leak resistance ff, mnst not be too large either. A 
small amount of gas is present in all tubes; and if an excessive po- 
tential is suddenly applied to the grid, gas may be ionized whence 
the positii'e ions formed ivill constitute a reverse grid current 
tending to bins the tube positively, lire resist.ance E, is generally 
made as high ns 250,000 to .500,000 ohms in voltage iunplifiers 
but should be mueli lower for power amplifiers where ioiiiKatioti is 
more likely to occur (see later sections of this ciiapter). 

The coupling condenser must iw of good qualitj’ with voiy lou’ 
leakage. Any leakage present will permit dit«ct current to flow 
through the grid leak ft, and so tend to bias the grid of the clrii’cn 
tube positively. Good paper condensera are generally sntisfno- 
torj’- imless it is desired to extend the amplification to frotiuencics 
of only n few cycles per second whore llio required capacitance of 
the condenser is so large tliat mica insulation must be used to 
keep riow the lealtage. The coupling condenser is usuuHj' of the 
order of 0.004 to 0.01 *«f. 

. Amplifiers must also give good response to ti-ansicnts. If the 
coupling condenser and grid leak arc too large, the time cunsluu[> 
may be so great as to cause trouble. A sudden peak of voltage 
applied to the amplifier may cause Uie grid of the second tube to 
go momentarily positive, thus charging the coupling condenser 
negatively on the side to\viird the grid. This charge ma}’ be siifii- 
cieiit to send the grid voltage of Uiis tube below culoR .ns soon as 
the transient has passed, and tire amplifier is then inoperative 
until tlie charge has leaked off. Since tlie time required to dis- 
charge the condenser is pi-oportional to tiic product ft,C and the 
1-f response is a complex, inverse function of the ratio l/ftjC 
[more particularly of tlic ratio X./R,, see Eq. (fl-29)], the vo- 
quirements of good 1-f response and of satisfactory transient re- 
sponse are incompatible, and compromises must be made. 

v-''^amplc- Let us assume that an amplifier is to l»o designed using pen- 
tode tubes with llio following cocfGdents: jfc, = 1500 «mhof!, = 1.5 meg- 
ohms. Cm = = Cp = 7w<f, C„ = 0.005 wif. Cm is tlio total capaci- 

tance measured between the coutrol grid and the cathode of tube 2 (Fig. 
9-4) and Com is the total capacitance between plate and cathode of tube 1, 
all other electrodes being tied to the cathode during the meiisurements. 
These capacitances arc usually given in tube hnndboohs. Let us .assume 
that the total wiring capacitance of the circuit, in parallel willi Cm and 
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Co.ti is Tken Crof yig-t)-SJia Cr *= 4 -t- 7 + 10 = 21 [nsaiimlng 

that tbe tetund term of Eq (9 B) js n^gligihly Btn,in[ Ent us assume the 
retnainine circuit comtoctB tu Iw R\ *='100,000 ohms, R, = ti00,000 ohms, 
C = 0 01 ,.f. 

Substituting in Eq (O-IO) gives Ro •• 79,000 ohms Next, substituting 
in Eq (9-16) gives the mid-frequency gnio ns »• ISCO X ICT' X 79p00 -* 
118 5 The nuoimuniaDd maxunum frequeucies ivhich the amplifier is ca- 
pable of reprodueing vith a drop In gain not to exceed 3 db may be found 
fiotnEqs (9-3-1 ) and (9-34) l/(2irS9tjOOO X 0 01 X ICT*) - 26.8 cycles/ 
sec [where 594,000 is the value of Rt ns found from Eqs (9-25) and (9-11)1, 
/, » l/(2tr79,000 X 21 X 10 »•) »* 06/X)0oyoI«B/eec 

The vnlulity nf neglecting the accond term of Eq. (C-9) nuvy now bo 
chetVed For reiistnnce load cos 1 so the equation becomes C» — 4 -i- 
118,5 X 9 005 ~ 4 6 iinf Tlua ladiontes that Cr should have been 21 0 in* 
stead of 21, in the mid frequency range, an ioapprcsisblB error 

If the frequency range is to be extended to 2 Mu, the proper vsKie of R\ 
may be found by substituting Cr v 21 x 10~» and /t > 2 X 10* into Eq 
(0-81) and solviog for Rt to liod R4 — 3800 ohms Hi may now be found 
from Eq (0-10) btit it may be seen that for of] pmotieol purposes ifi ~ Bt 
whenilo 'S 10 very stn.ill as compared to R, and tp The mid-ftequeney gnii 
«f this tnde-band auipliSer may befouod from £q (9-16) tobedn ~ 1500 X 
lO't X 3800 — 5.7 This is a very low gam, and it la evident that the um 
of tubes with of the order of £000 to 10,000 uinhoe is highly deairsble 
Incidentally, nhile decreasing J?i iioproves the h-f gain, it eaueea a alight 
loss lu the 1-f response. Equation (9-33) uow givee /> » l/(3r503,000 X 
0 01 X 10^) •• 31 6 eyeles/nec. 

v/Praetical Circuits. Figure 9-8 shows circuits of prncticril rcsist- 
annc-coiiplcd amplifiers with a single source for all direct poten- 
tials, tisunlly a vacvmm-tube rectifier such as described m Chap. 7. 
The resistance 7f» provides grid bias, hums the space current, in 
flowing through this resistance, produces a drop that is negative 
toward the ground end. Tlie capacilanceCt is u by-pass condenser 
to prevent the allernaliiig components of the plate current from 
setting up a voUuge across the bia'i resistor W* which would then 
be iiniiresBed ou the grid a1nng with the regular input signal.^ 
nil! resistance Ra in Fig. 9-8f> drops the plate supply voltage to the 
lo« cr potential desired for the screen grid and also, together with 
the by-pass condenser Ci, prevents any alternating voltage from 
being impressed on the screen. 

Effect of Screen'-grid Sy-pass Condenser. Equation (9-30) 
was de^-eloped for a triode but may be used equally well for a 
pentode if tlie screen- and EupiMnssor-grid potentials arc main- 

' This phenomenoa, kaewp aa fttdbaek, is aometimea ilesirabia (see p. 
361) 
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tained constant. Under these conditions the only alternating 
potentials are those applied to the control grid and the plate, ex- 
actly as for the triode. 


c 



Fia, 9*8. Ftacticiil uiruoits of tcsiRUtnce-couplad ampliileTA: (a) triodo, 
(t) pentode. 

In a practical circuit, such as tliat of Fig. Q-Sb, sonic atternnting 
potential may exist between the screca grid and cathode, owing 
to failure of the by-pass condenser Ct to present a sufficiently 
low impedance at low frequencies, and an additional l-f multiply- 
ing factor must be applied to Eq. (9-30). To determine this fac- 
tor we ihay first consider the screen grid as the plate of a triode, 
with a voltage induced across its load circuit (consisting of Cd 
and Hd in parallel) due to the action of the control grid on the 
space current. Having determined tliis voltage, wo may, next 
consider the screen grid as a control grid, whence it will he found 
to act on the plate current in such a manner as to oppo.se the 
action of the regular control grid and so reduce the voltage that 
would otherwise be set up in the plate load circuit. Thus ineffec- 
tive by-passing of the screen grid to cathode will cause a loss in 
gain, at low frequencies which is analysed in the following para- 
graphs. 



2S0 


AVDJO-FREQVKSCY AMPJJFIERS 


[CfTAP. 9 


To detemune the oltcmaling jmtcntial set Tip between screen 
grid and cathode, consider the equivalent circuit of Fig, 9-9 
wherein llio screen, grid is treated os the plate of a triode. In 
this circuit fi,g, ia tho mu factor of the screen grid relative to the 
control grid with the serwm-grid ciirretit lield cotistant (see defi- 
nition of mu factor in Appondbe A, page 
and r«s is the dynamic resistance of 
the screen grid, comparable to Vp for the 
{ilatu, und equal to where «?« nnil 

ia arc the total instant/vncoiis values of 
screen-grid voltage and current respec- 
tively (see Appendix A, page 009) Tlie 
liu|>edafico Z, is the impedance (rnmd 
between the screen grid and the cathode 
consisting essentially of the reactance of 
the condenser C 4 In parallel with the resistance Rj It is true that, 
ill tho circuit of Fig. 9-8&, the parallel combination of (7t mid Rt 
is also in scries, but the capacitance of C, is normally so large 
compared to that of Ct that its effect on the screen-grid load cir- 
cuit may be neglected without serious error. From tho circuit 
of Fig, 0-9 we may evidently writ© 

E,. - (S.38) 

+ Z, 

which gives the nUcmallng voltage between scrcca grid and 
calliocic. 

To determine the effect of thb 
voltage on the plate circuit, we 
may draw the equivalent circuit 
eif Fig. 9-10 showing the equiv- 
alent plate-circuit voltngcfl of 
both the control and the screen 
grids. This may be compared 
wlth.Fi^3-2t iaz a trwde. The 
symbol is the mu factor of 
the plate with respect to the 
screen grid, with the plate cur- 
rent held constant. 

By inspection of Fig. 9-10 we may write 

(-gE,,) -i- = Ip(rp + Z^) 



F»o 9-10. Equivalent plate cir- 
cuit of a pentode tube. 



Fto 9-9 Equivalent 
sercen-grld circuit of a 
piintodo tube. 


(9-39) 
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Substihiting Eq. (9-38) into (9-39) gives 

(-pE.i) + = Ur, + ZJ (MO) 

But, approximately* and, Uicrcforo, Eq. (9-40) 

reduces to 

■ This may be proved by trriliiig cqoatione for titc Borcen-Knd unci plate 
currentB similar to Eq. (3-9). Thus 

t'rt = cJiCci + 6ie«j -I- CiCt + di (1) 

and difforentinting partially a-itb rusiJcct to c,i, witli and ei eoiistaiit, 
gives 

0 — 01 -f bi ^ (2) 


?! _ ££lr 

l>, 9en 


(3) 


Blit, by doflnition (see Appendix A, page C04), is tlio sorcon-grid- 

control-grid mu factor of llie tul>c, Therefore, 


Ol/bl " Mfgt 


«) 


We may also write 

it « octi -h I>c,} + <je» + d (5) 

where the factors a, 6, e,<f arc, of course, dlfforcnt front Oi, 6i, Ci, d, used for 

Eq.d). 

DiCurentiating Eq. (5) parUaliy wiUi respect to «(», with ft and ct con- 
stant, gives 



A study of the chiiractcristic curves of pentode tubes shows tliat tiio 
ratios Oi/b, and a/b are very nearly equal, so that wo tnay write 

ttw = Ff (approx) (8) 

Differentiating Eq. (5) partially with respect to c,,, with and «ci con- 
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-^E.. = lA, + zo (9 iZ) 

Tat + Z, 

It 5s evif5erit from Eq. (0-42) that tlie uiuivalciiL circuit uf Fi^. 
9-10 may now te replaced by the circuit of Fig. 9-1 1 using only 



Fia. fi-ll. Simplified eduivalent circuit «f a pentode tube. 

•mo gencrntor. It id fjrilior evident that the circuit of Fig. 0-5 
mny now bn mrxliflcd to take into account the cfTect of the screen* 
grid by-pass condense: by merely tcplcwiing the voltage E, wah a 

etant, Rives 


h 

e 9«tt 


OO) 


and diRerenti.iting Kq. (5) parllaTly with rwipece to Cti, with >» and c„ con- 


0 




(U) 



Multiplying Eqs, (7) aad (lOsDdmalunRthoaubetitutioaofEq. (3) gives 

^ j (approx) (13) 

But the Ictt-hand side of this equation nxlutcs to a/e which, from Eq 
(12), 5a It ■ Therefove.Eq. (i3) becomes 


M •» (approt) 


(H) 


which Was to be proved. 
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new voltage E„r„ 2 /(r,} + Z,). Actually this change need be 
made only in tlie 1-f circuit of J?ig. 9-5c ance the shunting effect 
of the condenser Ci is so effective in tl»e mid-frequency band 
and at higher frequencies as to make Z, equal to zero for all 
practical purposes. With this change a new equation may be 
developed for the 1-f response as follows: 

Replace E, in Eq. (9-27) with tlie new value from Kg. 9-11. 


Let 


z. » f?. - jx. 

Then Eq. (9-43) may be written 

E, - -«■*•*•,„+ R, - jX.lt, -jX. 

and the 1-f gain becomes, in polar form, 


(0-45) 


LAW.ftrnuf'fiev I.A«:.(rrawhoy 

icy iDalUpfyinc multiph-ins 

fMtprforOt tnelortoC 


^ 180° -f tan"' ^ + tan' 


-I'li 


(9-40)* 


For most purposes Eq. (9-46) may bo further simplified bj' os- 
siuniug that Rt is mueli lar^r than the reactance of C^. This 
will be true in a noraml amplifier fm: all frequencies at which the 
gain is within. a few dcmbcls of the mid-frequency gain. Under 
this assumption we may write 

Z. = -jXa (0-47) 


where Xa — l/«C,i. Substituting this toIuc of Z. into Eq. 
(9-43) wo may develop an equation similar to (9-40) in which the 
1-f multiplying factor for is 


VI + {X^/r^ 
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A new eciufvtion may now be wrjttca giving the gain of the ampli- 
fier at any frequency by modifying Eq (fi-30) ms follows: 



1 1 1 

Vr+WT^ VT^Or.Vi?.*) Vl -f (AV/r,:*) 

Uirh-frofluenoy Lowh^ueoey 


! 180“ — tan-' ^ + tan-‘ + tan-' ^ (9-48)* 

Tub* d)im 9 BwbfrogutBejr U>w frtoucacy lx>ir fiequeosy 
jpliiwn nljift phivshi/t 


Equation (9-48) must not, of course, be used for such low fre- 
qiicnoicB tlwt the approximation of Eq. (0-17) is invalid. For 
lower frequencies Eq (9-40) must be used. Also tins equation 
doca not include the effect of Ct 

Thfi curves of Fig. C-7 may be used to evaluate the 1-f mnlti- 
plyiag factor for C* in Eq. (9-18) by considering the ahaoissa to 
he a plot of /a// whore /j is the frequency at which the multipljmg 
factor has a value of 0.707, *.c., thu frequency at which Xa ■“ 
Ta 

Effect of Cathode By-pass Condenser. The cathode by-paas 
condenser Ci, in both inreuits of Tig 0-8 will aScet the 1-f response 
in much the same manner as does C4, except that the voltage across 
this condenser is a function of the plate (or output) current Be- 
cause the plate current is affected by Ct, C, and Ct, any e.xpres5ton 
correcting for the effect of C* must be a function of all three capaci- 
tances. This complicates the solution, which is wuitted hero but 
may be worked out as a problem in feedback (see page 301 for 
analysis of feedback ut amplifiers). 

'''^iCnimum Frequency Response of Pentode Amplifiers. Equa- 
tions (9-31) and (0-33) for the minimum frequency rcaponssc of 
an amplifier are uot valid for the auiplificr circuits of Fig. 0-8 
siiico they Jo not include the effects of enndensers Ct anti t7». 
It would be possible to delennnic a new equation for thr minimum 
fiequcnoy which included the cdfeet of C< by solving for / from the 
last two factors of Flq. (9-18), hut the rc.^ulling equation would 
not bo simple in form. Probably a better procedure is to solve 
for /i from Eq. (fi-33) and then, nsii^ this frequency, compute the 
multiplying factor for Ca from Eq. (9-48) If this factor is appre- 
ciably less than unity, upirard revision of the estimated value of 
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/i can he made until Eq. (9-48) gives a value for A which is 70.7 
per cent of the mid-frequcncy 

'■Sample. Consider this niiiitltflor of tfao ex&mpio OD page 277 witli lii — 
lao.OOO ciimis. lA3t Tn = iOfiOO ohms, Rf = 1,000,000 ohms, 0/ = 0.1 ;if. 
Putting Ihcso values into the Inst, term ofTSq. (9-4S) gives 0.55 for the mui ti- 
pi yiiigfiic.lor due to Cant Oie frequency /i = 26^ cyclea/scc computed from 
Eq. (y-33) in thn original oNample. Since this value of/i was predicated on 
It drop in gain to 70.7 per cent due to the cITcct of condoiiser C, llio actual 
gain, considering both Cnnd Ca, is 0.55 X 0.707 = 0.S9. We must now find 
the frequency at whicti the product of both tlio 1-f multiplying factors of 
Eq. (0-4S) cquulK 0.707, For ntnall changes in frcqitcacy, the gain of tlio 
amplifier inercuees almost in proportion to tbo frequency. Ivot hr then' fore 
guess that tho correct reiiiimuin frequency U> iipproximotcly 25. S X (0.707/ 
O-SO) 48.5, mid then round this figure out to 50 since the gain dues not 
incrciiiBii quite in proportion to tho frequency. Suijstituliiig numerical 
valuiis into the tivo i-f multiplying factors of Eq. (9-4S) for / = 50 gives 0,88 
for tlie factor for C and 0.78 for the f.aotor for Ct. TJio produtit of tticmi 
twu is nppvoxiniately 0.7. Tliereforc, the minimum frequency of the umpli- 
lior U iippruxiiniitcly 50 cycles for n drop in gain of 3 db from tho mid-fre- 
quency gniu, assuming that C* is sulTicieitlly largo to make its impcdniiuo 
nogliglblo. 

Multistage Amplifiers. As pointed out in a pitioeding socf.inn, 
video amplifiora must bo built witli a relatively low gain per stfigc 
to nehievo the desired Ii-f response. Tiie required over-all gain 
is then obtained by oddhig a sufficient number of additional stages 
of amplification, 'riiis indicates that tlio band width of a miil(.i- 
stage amplifier may be increased indefinitely without nffoeting the 
over-all gain by reducing tbc gain per stage and increasing tlio 
number of stages. However if tins procedure is curried too far, 
l.he gain per stage will eventually become less t.han nni(.y and no 
amplification u'ill be possible. Thus tliere is a limil; to tlic band 
width obtainable in this manner.' 

Another problem in designing multistage, wide-band ampli- 
fiers is t.hat, for a fixed band width, the flatness of each st.ago must 
be increased as the number of stages is increased. If the gain of 
the complete amplifier must be kept witJiin 3 db of the mid-fre- 
quency gain and there are n stages, it is obadous that the .average 
drop in gain of c.aoh stage must not exceed 3/n db at the minimum 
and maximum frequencies to be amplified. A similar problem is 

’ For an niiiilysifl of this problem, see W. R. McLeim. Ultimate Baiid- 
widths in Higli-yain MulUelage Video Am|ilifu!r!i, /■Voc. JHK, 32, n, 12, 
January, IQtl. 
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cnoountered in keeping the total phase shift of the complete ampli- 
fier ^vlthin the required limits. This imposes very severe require- 
ments oil the design of amplifiers that employ a lai^e number of 
stages. 

To meet the foregoing problems video amplifiers arc often 
designed with special 1-f and h-f compensating circuits, some of 
which are described in Succeeding sections of this chapter. 

Low-frequency Compeasatioo. h'igura &-12 shons a i^implc 
and effective circuit for improving tl»e 1-f responae of a video 
amplifier. Ri is tha conventional coupling resistance of the 
rcbislancc-coupled umphficr of Fig. 9-81», but a ccwiHenser Ct is 
eonueotod in series with jKi, with a resistance Rt providing a d-c 
path for the pliito current. The gcnenit effect of this combination 
ia that the condenser (7* presents negligibln impedance in the loid- 



PiQ. 0-12. Low-frcquency compensating circuit. 


frequency region, and the amplifier performanen ia exactly as de- 
scribed in preceding sections As the frequency becomes lower 
and the coupling condenser causes a falling off in gain, the reac- 
tance of Ct increases and so provides an increase in the total 
coupling impedance TWth proper design this increase is suffi- 
cient to ofTset the effect of C down to a rather low frequency. At 
the same lime the phase shift produced by is opposite in direc- 
tion to that produced by C, luid proper design will permit opera- 
tion at very much lower frequencies with only a smidl phase shift. 

The eiiuivaleut circuit for Fig. 9-J2 is sliown in Fig. 9-]3a for 
low irequencies, where Zj represents tlie impedance of Ha and Cs 
ill parallel. By applying Norton’s Iheurum at points AB and 
by noting that (Hj + Za) ^ r,, it may be sunplificd to that of Fig. 
0-136. 
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Solution of the uircuifc of Fig. 9-136 requires evaluation of the 
sliunting impedance, fti + Zt. From Rg. 9-12 we may Avrito 


fii + Z2 = ^ + 


(l/ife)-( 1 / 5 X 2 ) 


(9-49) 


assuming negligible impedance in the d-c aouree and letting X; — 
l/coCj. If the denominator of Eq. (9-49) is rationalized, we get 


Ri + Zi = 


Ri (Bj* -I- X;*) -f BjX.® - jB-ZXs 
+ X,- 


(9-50) 


At all frequencies for which tho circuit of Fig. 9-12 provides 
adequate comioensation, Rs is appreciably larger than Xt, so that 
wo may write Xj’ Rt'- We may, therefore, simplify Eq. 



B 


fa) (b) 

Fio. 9-13. Equivaleat circuits for Fig. 0-12, 


(9-BO) by neglecting Xr in the denominator and in the-porenthoscs 
ill the numerator, giving 


R^ 


- jXt (9-51) 


We may now solve for the gain by following tho same pioceduro 
as in Eqe. (9-21) to (9-24). Comparison of Fig. 9-lSI' with Fig. 
9-5e shows that 24 in Eqs. (9-21) to (fl-24) now becomes Ri q- Zi 
and all otlicr terms remain the same. Equation (9-24) may, 
therefore, be written, for the compensated amplifier, 



- iXs + R,~ jX, 


(9-52) 


In a video amplifier Ri <gC R,; therefore, we may neglect Ri in the 
denominator. The gain therefore,, be written, in polar 
form, as 
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J80‘’-taii-V 


/7i«j + AV 




(A'» + Xr)lU 

KtU, 4- AV 


In the drnomirator AV/^/s ts ncf;Iigilile compan-d tci !?„.• Equa- 
tion (fl-58) may therefore bo siiiiplSfierl and rcarranKccl to ©ve 








/ 180 - tan-' 


(fl-54)* 


Erjimticm (0-5i) does not Inrhide the nlTeet of roTiiIenperR C/ nnd 
Cl (it Fig C-8 ultiiougli Itic elTcct of C 4 muy he tiiclii(k‘d t>y insert- 
iag tlie multiplying factor nnd pliasc Klidt from Eq. (0-lG). 

As previously slatcil, iierfecl plioso ec«Ti]«nsalioTi will be ob- 
tained U tlic angle of A varies in dirwt pro^iortion (0 the frequency 
or if it H zero at all freejucucics. Tims Eep (9-o t) shows that per- 
fect phase compensation will be obtained with the circuit of Fig 
9-12 if XiR,/{RiRs + AV) = C-A'i + A'.)//?,. This is an im- 
possible condition to realize at all frequencies since the right-hand 
Bide of this equation vanes mvctbcly with frequency while the left- 
hand Ride varies in a complex manner, but i?i is nsimlly of 

> The purpose of the condenser C», Fip 9-12, is to incrcsse the impedsucu 
of the load circuit slightly atlowlrrciucnnea Tn do so, iLs reactance must 
be of the same order of magnitude oa the resistatirc of /7|, since an appreci- 
ably lower reactance would hare ncgtipbic effect wlipreas a higher reactance 
would make the load impedance vary nlmost inversely os the frequency and 
so n-oiiM overfompensste The resiataoce /f, la uau-illy large enough so 
that it has little effect on the frequency ckaractetistic, ila priroaiy function 
being to provide a d-c path for tlic plate current, and la therefore larger 
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such size that XA « at aU except the very lowest frequen- 
cies so that + Xt') S Xs/Ri. Under these circum- 

stances nearly perfect phase compensation will be obtained if 
X 3 /R 1 = (A't -4- Xi)/Ii-g, a rdataonship tliat is physically realiz- 
able, If wc rewrite Eq. (9-54) by letting X~* « RiRt and if the 
multiplying factor and phase shift for are also included, I, he 
result is 

A. - 

. rrUl- Irfw-fwi^itncy Low-fcwwiicy 

*nrt<»'***' * IttCMrSwe* Sftor 

teC UCj 

j 180" - liin-i + toll- + ton- (9.55)* 

TiihnjilinM Comii'amUnj! ThAAoliift P»uwn«Iilft 

rovanal r^wotitiilt due lu C due to C4 

Equation (9-65) ipves the gain of a rcsistanco-coupled, low- 
frequonoy-compensated amplifier allow frcqucncioa assuming thivt 
X’s* <K ^2', A’ 2® « 7di«2, ifi « Tier, and that the im]5eclnnce of C* 
is negligible. 'IVith the posnble exception of the next to the last, 
these are all conditions that are nomally realized in a video ampli- 
fier witliin the desired frequency range. 

Erom Eq. (9-55) it is evident that perfect phase compenRatiou, 
mduding the elToct of Cj, will bo obtained if 


rA'a -f X. 

B. 


+ tan"* 


(9-55) 


This will be approximately true for total phase shifts up to about 
30 deg in the uncompensated amplifier if' 


X- + X, . ^ ^ X- 
R. '** fta Ri 


(9-57) 


If wo rewrite the reactances of Eq. (9-57) in terms of w, (f,c., 
Xc = 1/toC, Xj = l/iiCj, X4 = l/»Cd),-we may solve Eq. (9-57) 
for C2 to obtain 


’ The tangent and its angle are approjdmalely cquol for angles of 30 dog 
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^ cc, rAn, - Ri) 

CR, + Cir^ TJi 

Since /?, « R,, tJiis may be simplified to 

^ CCa r^R, 

OR, + Ri 


(9-SS) 

(0-50) 


Furtlier inspection of Eq. (9-55) wJI disclose that the relation- 
bliip of Eq. (0-57) makes the compensation multiplying factor 
ncarlj’ equal to the reciprocal of the pixhluct of the Iti'o !-f mul- 
tiplying factors Thus excellent compersatiun will he obtained 
do^iTi to the lovest frequency for which the approxiraations used 
in denviug Eq. (9-55) ate valid. In o normal amplifier, satis- 
factory amplitude compensation cat\ bo obtetned to a lower fre- 



Fia. 0-14. Shunt-peakioe, b-f compensating circuit. 


queucy than cun entisfaclory plume compensation Tfiiis the 
lowest frequency at which satisfactory compcns.'ition can he ob- 
tained ia normally that which makes approximately one-half 
Ru (t'ving a phase-shift compensation of about 30 deg. At still 
lower frequencies compensation becomes increasingly less perfect, 
and phase shift und, to a lesser extent, gum will deviate consider- 
ably from mid-freqiirmcy values. 

High-frequency Compensation. Figure 9-14 shows a simple 
but effective circuit for compensating the h-f response of a video 
amplifier. This method of compensation is commonly known as 
shunt peaking. The inducUmcc Li » of such siae that it Las negli- 
gible elTeet in the inid-frv.quen^ rai^c. but causes the impedance 
of the circuit to increase at frequencies where the reactance 
of Ct becomes low, thus tending to hold the gain constant at 
higher frequencies. The phase shift duo to Li is opposite to th.it 
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produced by Cr so that cranpensatiou Xor phsisc as well as magni- 
tude is provided. {Ct was defined in lig. 9-5, page 266.) 

Tlie equivalent circuit at h^h frequencies is sho^vn in Fig. 9-15a 
which may be redxiced to that of Fig. 9-15h by the use of Norton’s 
tlicorera applied nt A B and by noting that (Si + juLi) « R, < 
Tp in amplitierB whicli require h-f compensation (such as video 
amplifiers). Evidently, 



Ri + jXt 


jXr(R, + .iXi) 

jXr - 

}Xr 


(9-60) 


where Xj = tuLj. Dividing numerator and denominator by ; 
and dividing both sides (rf the equation by E„ gives 
Ei y- A + jXl 

. - - -S.X, 


Aa - = 


-1^ (9*91) 



B 


(a) (b) 

Fic, 9-16. EquivalcDt circuits for Fig. 9-14, 

In polar form 

"V^ (Xr — Xi)* + Hi* j ' X,. — Xi 

or, dividing numerator and denominator by Xr and taking E., 
out of the radical 


A> — OmRi a/ 1 -\- 


B.’ a- 

y x^ ^x’r* 


(9-63)* 
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Equation (9-63) givea the gain of the compensated amplifior 
of Fig. 9-14 at all frcqiieneies in Uie mid-frequency bund and 
above, under the conditions that -I- is very much smaller 
than either or r,. A study of this equation will show that the 
iirst radical following g^Ri is a term which increases above unity 
in iiiagiiitudo as the frequency increases and thus provides h-f 
compcnsatiorij while the ehcoihI radical in merely a inmlificiat'on of 
the h-f multiplying factor of Elq (9-20). That this is so may 
be seen by letting Xi = 0, as in the uncompensated amplifier, 
whence this radical will reduce to the h-f multiplying factor of 





Tig 9-16 Curveii of h-f reepoaee. (a) no compeosatinn, (6) compensation 
»(ith « 0 5, te) compensation witli 2r/t£./f!, - 0 414. 

Eq. (9-20), since we assumed that J?i = 7?o in the compensated 
amplifier. 

Equation (9-03 ) dties not leind itself tci Firi.T.lysi3 so readily ns 
dul the equations for I-f ciwnpcnsntion. However if wc let Q == 
2r/2f'i/J?i, where /j is the frequency at which the reactance of 
Ct is equal to the resistance of as given by Eq. (9-34), we may 
use Eq, (0-63) to compute data with wluch to plot a series of curves 
showuig gaiu iiH 11 Iiiiictjiia ot Irequency for various valucH ol 
Three such curves arc shown in Tig. 9-16. Curve fc for Q = 0 
produces perfect compensation at / = /i but causes a slight in- 
crease in gain at lower frequencies. The maximum gain occurs at 
approximately / = 0.7/t and is equal to 1.03 times tlie mid-fre- 
(lueiuy gain Tn a single stage of amplification this increase is 
unimportant, but it may be excessive ina 10- or 20-stage amplifier. 
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Cuvve c for Q = 0.414 is the flattest oui-vc obtainable. Both 
curves should be compared with the imcompeiisated curve a 

{Q = 0). 

Zero phase shift caimot be obtained with this circuit as may be 
seen if an atlempf; is made to solve for a value of Xi which will 
maJeo the angle of Eq. (0-03) equal to ISO deg, i)iit there is appre- 
ciable improTCnient in tlie phase cluuactcristic with the best; 
results at about Q = 0.35. The optimuni value of Q for phase 
compensation, therefore, docs not coiTCSpond to the optimum 
value for amplitude componEation, and tlus usual procedure is 
to malve Q somewhere between 0.4 and 0.5. 

Both h-f and l-f ooropensalion may Ixs combined in a single cir- 
cuit by adding L\ in series with Rt in tire circuit of Fig. 0-12. 
Equations (9-56) and (9-ra> may be readily combined to give a 
single eq\intioii for the fully compensated ampUfler which is ajjpli- 
cable at all frequencies. 

Other Circuits for High-frequency Compensation. Tliora are a 
number of other h-f comi)eas.ating circuits most of which irndiide 
an induotnnou connecterl in series with tho coupling cundenKor 
C and are, therefore, Icnovvn as scruis-pcaldtig circuits. Such 
an arrangement separates tlie eqtiivnlent capacitance Ct int-o two 
parts, one being the output capacitance of the driving tube to- 
gether with the ns.sociatcd wiring capacitance jiad tho other boing 
the input capacitance of the driven tube together with u'iring 
capacitance. Tliis arrangement, decreases tho cfTocidvonoss of 
those capacitances in reducing Uic h-f gain of the amplifier and 
thus produces improved coin|>en.%ition with respect to miiintaining 
a fiat frequency rcsi)onsc clmraclcrislic. Unrortiinalely Ihe 
transient response of such ciremts is not too satbfactory, and they 
are more diflieult to adjust than the shunt-pciiking circuit of 
Fig. 9-14, 

Circuil.s of i.he scries i.ypc may be analyzed by treating them as 
low-pass filtei's and then applying the equations of sucti filters 
to the solution of the amplifier circuit. By extending this ap- 
proach it is possible to improve further the flatness of the gain 
characteristic by iucorpointii^ m-derived filier Sfici-ions into l.lic 
tube coupling network.' 

1 For details of this method of .approach, sec Austin V. Enatnian, Tlio 
Application of Filter Theory to the Dcai^ of Iteftotaiioe Networks Proc 
IRE, 32, p, 538, Scptoinlinr, I&14. 
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The performanpe of the shunt-pralcing circuit of Fig. 0-11 mfvy 
be improved by in«iertmR a suitable condenser in parallel wth 
Li. This permits tlie inductance to be made sufficiently email to 
avoid the rise in gain of curve b. Fig. 9-lG, ^YhiIe holding the gain 
constant to a somewhat higher frequenej’ than in curve e. Thus 
tlie wider hand width of curve b is obtained without a rise in gain 
below /a. With jinipcr design tlic condenser to be used across 
the coil maj' be the distributed capacitance of the coil wnding.' 

Transformer-coupled Voltage Amplifiers. Transforrncr cou- 
pling is wimctiineR iiscmI in a cireiiit such ns that of Fig. 9-17, tlie 
equivalent circuit of which is shown in Fig. 9-18, Hi and Ji, 



are the resistances of the primury and a'cimdnry windings respec- 
tively, and Lj and L, represent tbe leakage reactances. Cj rojire- 
sents the distributed capacitance of the primary tvinding together 
with the plate-to-cathode capacitauno of the driving tube and any 
capacitances in the winng b^ween the tube and the transformer. 
Similarly Ct represents the distributed capacitance of the second- 
ary winding, the grid-tu-calliode capauitunce of the driven tube, 
and uny wiring c.apacitancc on the secondary side of the traas- 
foimer. represents capacitaooe betiveen the tivo transformer 

* AlexauJer B. Berestun, Improved High-lrequcnay Compeu&ition tM 
Wide-hand Amplifiers, Froe /AS, 32, p. 60S, October, I'J-t-l. 



Chap. 9] 


TRANSFORMER-COUPLED AMPUINERS 


295 



(a) Qeneral(constant-correntgepiero+or} 



fb) Cenepolfconstofif-voltcige generotor) ^ 



p9/n 

(c) Midfrequsney 

K 


6 


=Ct Eg/n 

(d) High-fpeqoeney 

K 


6 


^9* 

(e) Low-frequenry 

K 


Fio, 9-19. Simplified oquivi^Dl circuits oTa trunsfoniior-uouplod amplifier. 

windings. R/ Tepresenl« iron losses and tvill orilually ■\’ar:\' some- 
what with frequency, although the pcrfonnance of the triinsforiuer 
may be predicted with sufficient accuiacy for, most purposes by 
neglecting its effect entirely. 

Figure 9-19a shows the equivalent circuit of the transfoimer 
reduced to unity turns ratio \rith some simplification in the con- 
stants and with the constant-voltage generator —fiEc replaced by 
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n cfiTiRtnnt--cinTpnt generatOT —gml&g tlirougU application of Nor 
ton’s tlicoTCTn tu the. inxcuit lying to tlie left of C’l in Fig. 9-18 
(See dismissifin of Norton’s theorem oa page 2G7.) The primary 
resisWnce and leakage re&ctaitcc nre combined with the secoxidarj’ 
resistance and reactnnnD on the ontprit side of the- no-lead induct- 
ance L,, since the primary resistance and leakage reactance arn 
noitnalb’ too small compared with It/ and Lp for this airangemen' 
to hitroduce appremable error. The secondary reastance anc 
reactance are redneed by the square of the transformer turn 
ratio The capacitance Cr is made up of the secondary capaci 
tance C*, increased by the square of the turns ratio, and the mutua 
capacitance C-, multiplied by a factor wbicli is either a hltl 
larger or a little smaller than the square of the turns ratio, <1« 
pending on whether the relative polarities of the transformer wind 
ings produce u volUge across Cm equal to the sum or to the liif 
fereuce of the secondary and primary voltages. Capauitunoe C 
iR omitted entirely since its effect is nnrmaily ton smalt to be o 
importaiicfi. The reslslnncc R / is normally ko much larger that. 
Vp in a tnodc that it may be neglentod in tnode nirphfinrs. Thi. 
Is not true for pentodes but transformer coupling is rarely user 
with pentode tubes except in the output circuit of a power ampll 
iier where the problems are quite dinerent (see material beginnln 
on page 357). Therefore R/ ndll be omitted from the remaindei 
of this discussion on translormer-coupled voltage ampliRers 
"With this simplification, Tb^venin’s theoiem maybe used to changi 
the constant-current circuit of Fig 9-19a back to the constant 
voltage circuit of Tig. 9-195 for analysis of the amplifier perform 
ance in each of three dilferenl frequency ranges, 

In the middle range ol frequeiicips the cupacitaiices and induct 
ances have negligiblo eFecL, and tlio oiniuit mlin-es to that of Fig 
D-19c. Since, no current is flowing in this circuit, the gain wdl b 
constant throughout the range of frequencies to which the circui 
applies. 

At higher frequencies the leakage reactance and shunting capaci 
tance must be conadered and. the circuit of Fig. 9-I9<f must b 
used. It should be apparent from this circuit that there is a fre 
quenoy at which Lt and <7r are in series resonance, tending to rais 
the output voltage above its mid-frequuncy value, Themagnitudi 
of this effect is dependent largely upon the scries resistance fy "t 
Rp, since a low series resistance will permit a comparatively larg 
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current to flow lliroiigh tJic scricS'i'csotiant cifcuit, producing n 
very high output 'V'oltage across tlie condcuscr, whereas a sufii- 
oicutly high rcsistniice will entirely eliminate the vesouatvee eiTcel.. 
Evidently if tlic fre<iucncy is inca^isetl above the resonnnee 
point, the decreasing reactance of Cr "nil cause l.ite output \'oltage 
to appioacli zero. 

At frequencies below the middle range, llie no-load reactance 
of the primary becomes sufficiently low to affect the gain; 

i.€., tl\e transformer clmrging current Iwcomcs llio major por- 
tion of the. plate current. The circuit of the amijliliur tlicn re- 
duces to that of ]‘'ig. 9-19c. Hero it is evident that the gain 
begins to fall off at a frequency that makes the reaclniujc of i.hc 
coil Lp of the omler of magnitude of r,. \s. the frccpieney is 
further decreased, the a^'n continues to fall, approaching zn-o 
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rici,p-20. Gain vn. frequency cliariicfcristic of two transforJiier-eoiiplo'l 
amplifiers; the ninjilitior of curve A usinq ini older type of tniiisbirwor ftiic) 
tliatof curve H n more modern Iraiisformer. 


The foregoing offcels arc fully illustrated in Fig. 9-20, c\ir\’c A. 
wliere hotli tlie fulling off in gain at low frequencies due to the 
effect of Lj, and the resonant rise in vollugo at t.h(! higher fre- 
quencies are plainly evident. Oun'e B rojrresonts a tiunsformer 
of iiii])roved design, and the effects,. alUiough present, are much 
less in magnitude. 

Gm of a Transformer-coupled Amplifier. The gain of a 
transformer-coupled amplifier in the middle range of frequencies 
may be determined directly from the circuit of Fig. 9-1 9c by noting 
that no current is flm^ing through tlie circuit and, therefore, 



298 


UnrO-FR/iQUBNCY AyfFUFlERS 




The mid-frequency Rain m then 

A„ = ^ = ~ fin =»‘n (9-C5)* 


At the higher frequencies the gain must i)C finind from Fig. 9- 
19d Since this is a simple series circuit, the voltages Ef/n and 
—^tEg are proportional to the rcspectiv'c impedances across which 
eacli appears ur 


Ec/n -iXr 

^pE, W+R.) -jCXr-X.) 


(9-06) 


where Xi = 1/tiCr anti Xi uL,. Dividing numerator and 
donomiiuitor by —j, the gnin may be written 


1 E< “PmXt 

“ e: “ (AV - A'.) -I- jir, + R,) 


(9-07) 


Dividing numerator and denominator Uy A’r and changing to 
polar form gives 
. 1 

. Ax, - X.)> . (r, + «,)* 

V AV “ Xr“ 

/|80“ - (8.C8)‘ 


At llie lower frequencies the cireuil of Fig. 9-190 must be used 
Here again E^/n and — pEf tire proportional to tlic inipotlancps or 


-pE, • 


(9-69) 


r+iA'p 

where Xp = uhp. The gam may, therefore, be WTitten 

A = ^ s= 

' E; X-yrp 

Dividing numerator and denominator by Xp and converting to 
polar form gives 


(9-70) 




= ! 180“ -V tan-' ^ (9-71)* 
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Equations (9-65), (9-6S), aad (9-71) may now be comlnncd to 
give a single equation which cjtpresses the performance of the 
normal, tvaiisformer-oouplcd, voltage amplifier using trioclc tubes. 


A = 


MiW- 17^e)k-fit>itu«ncy 

miaUplyinc 



j ISO" -- tan"* ^ xi 

Tabo Hrcli-ac^^urticy TyvB'.frefinpfirj’ 

Tvwre&l p1)a«eaTiin 


MTiile Eq. (9-72) was developed for triodcs, it may be adapted 
for U80 with ijcntodes by jeplacii^ Tp with Ro, and u w’ith gmRn 
(since a was originally introduced from the product ri„rp in ciinng- 
iiig from a to 6 iu Fig. 9-19), whcie Ro is t.lie pnrnlicl rosistaiiec of 
r, and Rf and is nearly equal to R/. These statements may bo 
readily verified Iry repeating the preceding demonstration witliout 
neglecting R/ in the ciimnlR of Fig. 9-lfl. 

AcAualiy pentodes arc rarely «fe<l with. i.ran8forme.r-eouplcd 
amptiliuvs for reasons tliat will become evident from tlio discussion 
in the next section. 

Frequency Response of a Transformer'CeupIed Amplifier. 
Triode tubes used with tonsformer-coupled, voltage atnpIificrK 
are usually of the general-purpose variety linving a ^ t,liat is not 
so high as the high-/i type used iu rcsistunee-couplod amplifiers 
or so low as the low-jt tubes used in power amplifiers. A m of 8 to 
20 is typie.'il, with a plate resistance of peihaps 7500 to 15,000 
ohms. 

The desirability of avoiding tubes (and, thcrofore, tubes 

with iiigh Tp) may be seen by conmdering the 1-f multiplying factor 
of Eq. (9-72). To secure good 1-f response this fraction must 
approach unity; i.e., X, must be large or must be small. An 
increase in X, may be obtained by (1) iticrcasiiig tho number of 
turns on tlie transformer primary, (2) increasing 1, he cross section 
of t)m core, and (3) using a core material of higher permeability, 
where the incremental pem^bility must be considered because of 
the direct component of tJie plate current flmving through the 
primary -winding (see page 1^). Propei' use of high-quality 
transformers often requires r^oval of the direct component from 
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the primary wiadiug by means of a filter consisting of a choke 
(or resistance) and blocking condenser (Fig. 9-21). This permits 
a luucli better design of iransfoimcr bat is evidently luure costly 
as veil as requiring more space. 

Increasing Xj, by increasing tlic number of priinaiy turns has 
evident limiluthiiLs, shteti tlm secuiidury turns must he increased 
also to maintain the turns ratio, unci a large increase in secondary 
turns may en inerease hV ns tn min the h-f response. Tints a 
eompmmise must be rcnchcd wliercby a reasonably large number 
of primary turns are used with n turn ratio that is not too large, 
usually between 2 and 4. 

Increasing the cross gcction of the core is quite feasible but tends 
to make tho tninsfonnrp both bulky ami costly. Improvement ii 
core materials to raise the permeahihiy is m<.re desirnlile, and much 



Fto !1 21. Circuit for removing the direct eomponert nf the plate cilrmot 
from the primary of the transformer. 

M ork has been done along this line. Special alloys are now avail- 
able that have e.\lreinely liigli penncabililks when the transformer 
rating is not ertceeded. 

After all means of increasing X, liave been e.xiiuusted, any fur- 
tliei’ nnprovetnent may be acdiieved only by a reduction in r,,, 
which means that the lube selected should not have too high a 
plate re-iistunce This means furUicr that the amplification factor 
of the tube cannot be high, .smee a high-p tube will also have a high 
Tf It is for lliis reason that triodcs with n 4 nf 8 to 20 arc used in 
thib type of umplifier, rather than triodes nr pentodes. 

A study of the h-f response, ns determined by the h-f multiply- 
ing factor of Eq. (0-72), is not so simple, since this fraction, unlike 
the 1-f one, may exceed unity. The study must, therefore, be 
broken down into two parts: (1 ) frequencies for which the fraction 
exceeds unity resulting in the Fesonant peak shown at about 7600 
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cyclcs/seo in Fig. 9-20 and (2) frequencies for whio.li the fraction 
is less than unitj’ as above 10,000 cycles/sec in Fig. 9-20. I''or (be 
first part it may bs Roen Ibat the fraction assumes values in excess 
of unity because of (A’r — Xi) in the denominator. Therefore, 
it. is desirable that the effect of this term he reduced, wliioh reejuires 
high values of and It will !« noted that this conclusion is 
partlj'^at variance with the requirements for good 1-f ressponse which 
calls for a low value of r,. An increase in Ri alone avoids tliis 
trouble, although it is diflierilt to insert much rcsi.stance into the 
winding itself. The use of resistance wire in winding the t.rans- 
foiBicr secondary is one method of attempting to Improve the 
h-{ response by increasing Rt. Farther tlian this it is possible 
only to make suitable compromises between the two demands. 

'rhe resonant frequency of L, and Cr ahoiikl obviously be near 
or slightl 3 ’ above the maximum frcqiicncj' to bo amplified. This 
frequency may bo increased by a reaction of either or both ht 
and Cr; therefore, lo'v leakage reactance is desirable and the shunt- 
ing capacHanco should be kept to ii minimum. The distributed 
onpEicitanoe of the transformer constitutes a largo part of Cr 
wliioli may be kept low by stiifable winding design, ns by winding 
the secondary’ in pancakes to maintain a low voltage botween ad- 
jacent layers of the winding. 

It should be evident Uiat the capacitance of Cr in a transformer- 
coupled amplifier will necessarily be ln.tgcr tl\nn the corresponding 
capacitance in u resistance-coupled amplifier. For t.his lonson the 
latter are always preferred for widc-baud performance, c./?., in 
television work where the fretjuency band may extend to se^Tiral 
ruillion cycles per second. Nevertheless Gransformors may lead- 
ily be built (,o provide an nmplificatiun \riiicli is constant, to within 
3 db over a range of 40 to 10,000 cycles/snc, and tlio better class 
of transformers arc capable of extending thi.s range oonsidcrablj'. 

It is of interest to note from Eq. (9-72) that f.lio h-f phase-shift 
term varies from 0 deg .at mid^rcqiioncy to ISO deg at iiifinito 
frequency. Thus the total phase an^c of the amplifier 
from 270 deg at zero frequemq' through 180 deg at mid-fi-equency 
on around to 0 cleg as the frequency approaches iiifinif.j'. Thi.s 
is to be contrasted with the resistance-couplcd amplifier wliei e tho 
over-all phase angle, as shown by Eq. (9-30), varies fi'om 270 deg 
at zero frequency around Uirot^h 180 dt^ but only to 90 cleg us 
the frequency approaches infinity. This fact is of considerable 
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importance in feod-haek lunplificrs, its «'jll be eliowii in n later 
Kection. 

Transfonncrs must bo slucklcd to prevent cvtornal fields from 
incliicing cmfs into llieir windings and so producing undeaired 
signals nr no'iM! in tliii tniliiul. 'riiis is t'&pecially necessary where 
the desired voltages nre verj' Bmnll, as in the transformers used 
to couple certain types of microphones to a pTcamplifier, some of 
which JjavG magnetic shields np to in in thickness. Trans- 
foTiiMiiw need in llio uenal run of audio amplifiers do not leijuitB so 
miieh shielding hut sboiild not Im mounted too ela.sc to a Bcuirrc of 
intense field, ag a GO-cj-cle transformer supplying power to the 
plate-voltage rectifier or the tube catholics.' 

Sesistance Loading La Ttansformer'coupled Amplifiers. The 
frequonoy cliar«uteri&lio of u transformer iiiiiy be imjiroved at a 
sacrifice in gam by comiccting n siiilnblc resistance neros.H the 
secondary terminals. The effect of this resistance may be de- 
termined by means of the circuits of Fig. fi-10 hy placing a re- 
sistance lit., equal to the cvlerual rusistaiico divided by tbo square 
of tliB Becoiiilaiy-tii-prunary tiinis ratio, ucniss Ihn uiit.put ter- 
minals of each circuit Such a rcsisinnoe will cviilcntly decrease 
the mid-frequency gain by (he ratio -!•/?,-+• Rl) but the 

1-f response will be improaed since (ho parallel impedance of 
C/?t -f- Jir) and Lp will vary' 1®^* "'Ih treiiuenci' than mil that of 
L, alone. The uffect un tlie h-f rosponsa is somowhnt more cum- 
plftx, but it is evident that the resonance effect wnll be reduced liy 
connecting a resistance in parallel witli the condenser Ct The 
exact performance may be determined, if desired, by developing 
equations similar to those of Erjs. (O-IH) lo {D-72) 

The ciiiwes of Fig 0-22 bIiow (he improvement iii the perform- 
iincc of the older transformer of Fig. 9-20 (curve A of Fig. 9-22) 
when a 100,000-ohm resistance is connected across the secondtuy 
terminals (curve U). However, the shunting resistance must not 
be so low as to drop the gain, in llie n^ioii of resonance, to a 
point, below the mid-frequeniY gnin. 

Wlien fi shunting rc.sistance is used, it is frequently in tim circuit 
of Fig 9-21 , where the choke shown in that circuit is replaced by 
the desired shunting resistance. Thus the resistance not only 

* For a trealii-B oa shielding, see W. G. Gustafsan, Moiicetic Shielding of 
Transformers at Audio Frequencies, BeUSysltn Tech. J., 17, p 416, July, 
1938. 
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improvGs tlie li-f response by reducing I'csonance, it improves the 
1-f response botli l>y producing the effect of a lower Tp and by in- 
creasing Lp throngli a reduction in the saturation of the iron 
core. 

Impedance-coupled Ampliffeis. Vollagc amplifiers may also 
be built by vcplucing R^ in the circuit of li^g. 0-4 by an inductance. 
S\icli amplifiers have lire advantage over resistance-coupled 
amplifiers of requiring a lower direct- voltage source to .secure the 
desired plate ^'oltoge but have the disadvautage of a poorer frc- 
qiicney ve.sponse riue to the variations of the impedance of the 
coupling unit with frequency. The coupling impedance must be 
liigh enough at the lon-cst ft-eqiiency \o be largo compared to r^, 
just ns was required of the rcnctnncc of bp in the transformer, while 



Fio. 9-22. Effect of rosislaocc loading on the frcquoacy clmraalcristio of a 
trnnsformor-coupled nmpHlicr. A, no roatstatwe ucrosa socoiidaryj B, 
KiO.OOU ohWH across sccomlary. 

the distributed capacitance must be sm.all enough to • provide 
satisfaetorj' li-f response. In many respecU; the performance of 
such an amplifier is essentially Uiat of a LrluisfoiTnei-coupled 
amplifier with a 1:1 kirns ratio. Imjjodauce-coupled amplifiers 
are subject to most of the disadvantages of tmnaformer coupling 
without the advantages of higher due to l.lio step-up action 
of the transformer and are therefore not widely used. 
,_^athode-ray Oscilloscopes.' lire. cathode-ray tube described 

’ This subject ifi introrliiRcd nt tliis point booiuiac tiic oaciifoscopo ie a 
tool with whicli niiyone studying vacuum-tube iimpliRers aliould be familiar. 
If laboratory work accompanies the study of this Icxt, the oscilloscope will 
serve as an CNCollent piece of test cquipucut for studying tlio circuits 
described in lliie and succeeding cfiaplcrs. 
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in Chap G (page 145) may be combined with vaciuim-lube nmpli- 
hera and n liiipiir F\voej> isirouit Ici provide! iin pfTcctive measuring 
and analyzing unit. Such a combination is commonly known aa 
an oscilloscope, the block diagram erf Fig. ©-23 mdicaliag the 
general aTniiigemnit. A-mplifieisi, iTiSt!rtwl biHwccn the input 
terminals to the oacilloacope and the “horizontal deflection" and 
“vertical deflection” terminals of the circuit shown in Fig. G-3 
(page 148), enable a ■very tannll eigmil voltage to produce a large 
movement of tlie spot on the screen of the tube. The sweep 
oscillator, when used, is normally applied to tho horlsontal de- 
flection plates Uirough Uic associated amplifier and '‘swpep.s" 
thn spot acroaa the screen horizontally nt a uniform rate. The 
wave shape of such an oscillator should appear as in Fig. 0-2i to 
cause the spot to move utiifomily from left to right on the screen 



Fig 3-23 General arrangcmcot of the component parts of on oaeillossopc 

from time a to b and return to the left side of the Bcreen instantly 
from b to a' In practical niviillators the section ba' is not per- 
fectly vertical but is ne.irly so if the frequency is not too mucli 
above the a*f spectrum. 

A simple type of swe^ cireuit uses a cnld-eathode tube as n 
relaxation oscillator. In its basic form such an o.scillator con- 
sists of a condenser, reaslance, gosrflllcd tube (e.ff., such as one 
of the cjold-cathadfi tubes descnlHid. on pages 117 to 119) and a 
source of potential (Fig. 9-25). When the tottery circuit is 
closed, the condenser C chaises at a rate depending upon it.s ca- 
pacity and the size of the resistor R As soon as the voltage acro.ss 
the condenser becomes sufficiently high, tube T breaks down and 
virtually short-circuits the condenser, dropping its potential to 
the point where concliictiun through the tube ceases. The con- 
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denser thou sRain builds up slowly, and tlie 03 ’’cle is repeated. The 
condenser voltage, t.herefore, folluAVS a saw-tootli curvo as in the 
heavy line of Fig. 9-26, where a and c represent the potential at 
which the tube ceases to conduct and b is its breakdown potential, 
'j'he dotted line shows the curve that the condenser r'oltage would 
follow if no tube were used, assuming that tlie batterj’ potential 
is very much higher than the breakdown point of the tube. A 





Fig. 9-24 Fio. 

Fig. 9-24. Ideal ^'^•avo shape of a sweep-circuit osoiliaior, 

Fio. 9-2S. Swecn-circ'iil. OKoillntor usini; a cold-cothodo tube. Tho fro- 
quonoy is varied by changing cither R ot C. 


Fio, 9-26 

Fig. 9-20. Curvo of condenser voltage 
Fig. 0-27. Sine wave as it appears c 
cgiiippod ivilh a linear xu’eep circuit, 
ways at the zero line ns shown. 



vs. Ume for the circuit of Fig. 9-25, 

Ml the screen of a catbods-ray lubo 
Note the return trace. It is not ,al- 


high battery potential is desirable, as it tends to make the purt.iou 
of the curve ab more nearly a straight Hue. 

Wlien used tvith a cathode-my tube, the frequency of the saw 
teeth should be an exact multiple of that of the current, or 
age, to be observed, or the im^c will not be stationary. Figure 
9-27 shows the appearance of the screen of a cathode-ray tube 
with a sine wave impressed across the vertical deflecting plates 
and a sweep-circuit oscillator across the horizontal- plates, when 
the frequency of the latter source is exactly equal to that of the 
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BinH-wnve source. ThepcMDts a, b, andc represent the same points 
of the saw-tooth cycle as in Fig. 11-20. The straighL litic from 
b to e is made by the rapid change in potential wlicn the glow 
tube breaks dow and is not a zero line. By sliifting the phase of 
the timing wave with reepect to the observed wave this line may 
be ahifieci up or down at Tfill. A» a matter of faut, this line ia 
usually so faint na to be barely discernible. 

The desirability of mainttuning synchronism between the sweep 
and Dbsurved ciiuuita haa led lo the use of smaU thyratrons aa 
the discharge lube These Lhynitronti am genci-ally fillwl with 
argon gas, rather than merciitj’ vapor, ensuring a breakdown po- 
tential that is independent of Uie tempeiature. They are commonly 
use<l in a circuit siimtar to (hat of Fig. V-SS Synchronism in ob- 
tained hy e.vciting the grifl of the thyratron fiom the Bomo source 


R 



I'lc 9-SS. Circuit of a enr«ep-drcult oeoillotor, usins a bjodII tkyralrou u 
the itiacharge tube. 

as is apjilied to the vertical deflecting plates The grid prevents 
the tube from conducting until the grid potential ia suffieiently 
positive, oO that if the Tl and C of the discharge circuit nre adjusted 
to near synchronism, the grid \v31 triji the tube oil at even intervals 
of one cycle. It is ahso possible to adjust R nnd C to give a fre- 
quency of approximately l/r» times the impreased frequency 
(where n is any whole number) and so provide synchronism at 
subharmonics. This will show mora than one cycle of the im- 
prossed wave, the uuinbcr of cynics being equal tu n, 

Cntliorie-rny oscilloscopes may be used to observe tlic voltage 
wave at any point in a vacuum-tube amplifier and tlms permit a 
quick check on tlie performance of the amplifier without disturbing 
Its operaLion, since thi: input rnsfetanocs fit the oscillcsoope (i?« 
and I?ii, Fig 0-23 ] .are of the order of at least liundreds of Ihuusands 
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of ohms and may be bti«teed across the plate-load impedanuc of 
most ampliBer Lubes. ‘ 

It is often desirable to apply nnoUiei- lest voltage to the hori- 
Eontal pair of deflecting plates of a caUiode-ray tube instead of a 
sweep-civoiiit oscillator (by throwiiig the switch in Fig. 9-23 to 
the \ipper position). The resulting Lissajous ligiircs, when prop- 
erly interpreted, often provide valuable information rvhioli cannot 
be obtained in any other way.’ 

D-C Amplifiers. None of the circuits so far discussed is suitable 
for amplifjong direct voltages or alternating voltages of u fre- 
quency less than n few cycles per second. The simplest circuit 
for such service is obtained by modifying the ordinary rcsistancc- 
eoTiplcd amplifier as shown in Fig. 9-29. The battery ffroj is 
used to reduce the voltage on the grid of the second tul50 t.o its 
required negative potential. 



Tjo. 9-29. Simple tyi« of d-e ftmpUfwr. 

In operation any change of potential in a positix'c tlirccLinn nt 
the input will cause an increase in plate current in lube 1. This 
will produce a greater drop through R\ aud therefore a more nega- 
tive grid voltage and a lowesr plate current, in tube 2,, If mure 
stages are added, each succeeding tube will be found to work 
allernately; i.c., the plate current atIII incrca-se in 1;he third tuhe 
as in the fii-st, decrease in the fourth tubo as in Lho second, olu. 

‘ If llio signiil is Bufficicntly atrong, the duSecting jjlittes of the catliodc- 
ray tubo iiuiy bo bi'idgcd direcUy across the amplifier under test, whence 
the bridging impedance is merely that of the amall cajiacilniice between 
deHeeting plates. 

' A study of the figures that may be obtaiDcd on fui oscillnscope with 
difleroiit combinations of applied voltages arinc wave on one pair and 
its Mtiocmd harmonic on the other) is beyond the scope of tliis Ijook. An 
excellent t.reiitiKO on this subject is givcu by JobnF. Slider, "Tlui Cjitliode- 
ray Tube at Wort;.'’ Jolin F. Rider, New York. 
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Each tuba -wiH, of course, produce a greater change in plate current 
than its predecessor, owing to its amplification. 

A circuit that avoids tltc use of the extra grid batteries, is shown 
in Fig. t>-30 ' The g«ii bias on tube 1 is the tlrop between Aj 
and Cl. That on tube 2, howesver, is equal to the difference be- 
tvreen the negative voltage developed across the resistance 
by the plate current of the first tube and the positive potential 
between points At imd Bi. The bias on tube 3 is obtained in ttie 
name mariner ns that for lube 2. The anode viiUago for each 
tube is equal to AiRj, /Itfti. or AjBj (depending on the tube) 
less the 7|B drop through the coupling resistance. 

The tub© heaters may each be energised from a separate source, 
or » coinmoa source may be used tf the insulation between each 
cuthude uad its heater is sufficieot. Tlie resistor CiAi, ...£>[£ 
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used as a voltage divider and must be capable of passing sufllcient 
current to stabilize tho circuit. The direct voltage ssupplied must 
be equal to 

D'C supply = 4- JS&, + 4- ffb, + 

Note that it is not equal to + • ■ • , since it is not 

necessary to provide additional emf for the d-c drop through the 
load resistors, except for the last tube. 

All d-c ataplifiera ate subject to ’Mrift"; s.e., a change in the 
supply poteutial for any tube will cause the r.urrent.s and poten- 
tiai.H of Jill siKicceiling tubes to vary. If the grid potential of Ihe 
first tube, for example, varies slightly, the gain of the amplifier \rill 
cause the current in the last tube to vm’y a large amount, even to 

* Edward n Lgf tin and S. Young tVlille, Eirect-coupIeU Iletector and 
Amplifier with Automatlo Grid Bias, Proe. IRE, 16, p. 281, March, 
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llic point of cipci'casing to zero and so making the amplifier in- 
operative, or increasing to an excessively high \'nlue. In circuiis 
nice tliat of l''ig. 9-30 drifting is minimized by the use of a a'oltagc- 
regulaf.ed power supply and by a bleeder resistance which is 
as low as cari he economically used. 

Drifting may also Ire reduced by usii^ a balanced ampliiior 
as in Fig. 9-31. Here the output voltage is the result of aii un- 
bnlance between two lubes operating in. push-pull. If tlic two 
tubes in each pair have exactly similar characteristics and the 
circuit constants are exactly matched, this unbalance can result 
only from a voltage applied across the input tenniiials, Any 



Pio, 9-31. BtUnnccd type of d-c nmpljfior. 

change in the direct voltage .supply to the gi'id.s aiul plalos of tire 
tubes will have equal effects on the Inx) tubes of a. pair nml will 
produce no unlralunee. In practice perfect balance i.s not ])ossible 
but, rvlicn a regulated power supply is used with a balanced iimpli- 
fier, remarkably stable results are obtained.’ 

"W'dile triodc lubes are shown in the mreuit of Pig. 9-30 and pen- 

' For a more dctiiiled discusaon, ace such rcfercncca as rrnnklin F. Off- 
ner. Balanced Amplifiers, Proc. IRB, 36. pp. 306-%31G, Mnroh, 1947; H.nrold 
Goldberg, Rioeljotric-rcscarch Apparatus, Proe. IRE, S2, pp. 3.40-334, Juno, 
1944; Harold Goldberg, A High Gain D-C Amplifier for Bioelectric Record- 
ing, Trans. AIBE, 89, pp. 60-04, Jaouory, 1040. 
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toJes in Fi^. fl-31, eitlier Lypc may be ut^cd in either circuit. I’en- 
todes are usually prefcrrerl because of tJicir hinhcr Rain. 

Amplifiers Controlled by Phototubes. It is frequently desirable 
to amplify the oxitput of a photoelectric tube. /Vny of the air- 
plifieib cir.scrihcd in this cluipter may lie uspil for tliis purpose if a 
ingh resistance is inserted in senea n rth tlui phototulic to produce 
the voltage necessary to drive the nmplitier. 

Tlio frequency response of an ampliticr to bo used with a plioto- 
tulic must be sneb as to haorllc the rate of change of light that may 
be expected. Thus if the light on the phototube is to be flashed 
on and off at a very low rate, such as once or twice per second, 
a d-c type of araplifict must bo used. On the other hand if the 
light lb to vary over a wide frciiuciicy mngc, ns in tJio reproduction 



F«a 8-32 ItcsUtancc coupled ompURcr cirewt for rciicuducing ttie output 
from a phototube, a* in the reproductieb oEeound-oa-filmreeordmes 

of souud-oti-film recordings, the frequency’ response of the amplifier 
must be rc.nsonaWy uniform over tlie entire audible speetnim 
covered by the recording The circuit of Fig 9-32 illustrates the 
use of .a resistance-coupled anapliiier to amplify the output of a 
phototube picliing up light from a wiiind-on-Rlm recording (cr 
other similar source). Rcswtaroc /?», iti series with the phototube, 
sets. \ip the voltage to be axn^ifiefi by the first tube The eoa- 
denser Co removes tiie direct component produced by the avemge 
light intensity impressed on the phototube, .so Ihe voltage impressed 
on the grid of the first tube represents vanatifins in the light only 
rather than the absolute vfdue. 

The resistance Rt must be vary laige. of the order of at least 5 or 
10 megohms aud preferably mure, to produce the highest possible 
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voltage on the grid of the firat tube. Since and the grid- 
cathode circuit of the first Uibo are effectively in parallel \vith Rt 
as far as any aUei nating components arc conccrnccl, the resistance 
of each must be at least as high as and preferably higher than 
Rt', therefore, the grid current in the first tube must be e-vtremely 
small. Since the grid is mmntaincd negative, any grid current 
that may flov must be due to the presence of positive ions, so only 
a low plate rmltage (and also screen volhage in pentodes) should 
be applied to riiis tube to prevent ionization of any truces of gas 
present, even at a sacrifice in gain. 'Ibis is especially tree if a 
iiigh-vaeuum phototvihe is usofl, as i<« lower sensitivity and higher 
internal resistance make a higher value of Bo nccesBary than foi- 
the gas-fillod tube if equal response is to bo realized. This is a 
major reason for the 'more general use of gas-filled tulres in sound 
reproduction than of higli-vacuum tubes. 

The same type of amplifier may be used even when the light oi\ 
the phototube varies at a frequency of the order of a few e 3 mlos or 
less, by interrupting the figlit Iwnm at a: muob higher rate. Tints 
Ihe frequency at which tJie light is interrupted represents the 
carrier of a modulated wave (see Chap. 13 for details of modula- 
tion) and is sufficiently biglt to be readilj'' amplified by the circuit 
of Fig. 0-S2 ; the Uf variations of light intensity represent the modu- 
lation carried on the carrier. By operating Idi© final tube of the 
amplifier on the curved portion of its curve, to servo as a demodu- 
ulator, it is possible to recover the original 1-f sigiml in the output. 
This avoids the use of a d-c amplifier witli its attendant probloms 
of drift and instability.’ 

Volume-control Methods. Tlie output of rcsistance-couplod 
amplifiers is most conveniently varied by replacing the grid lealc 
in one. stage with a higb-re^lance potentiometer (Fig. 9-33). 
This has very little effect on the frequency response of the amplifier 
and permits control of the output signal from zero to maximum 
level. 

The same arrangement is shown applied to a transfonner- 
covipled amplifier in Fig. 9-34. The potentiometer has the same 
effect upon the porforinance of tlie iianaformor as docs resisLaneo 

' This iunplifier is essentially .mother applieativn of the j>i'inciplcs pre- 
spnted by L. ,r. Black and H. J. Scott, ADiract-cunrout and Audio-Civquoncy 
Amplifier, Proc, IRE, 28, p. 269, June, 1940. 
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loaclins (see pnRe 302) and may achially improve the frequency 
characteristic while somewhat decreaaitig the maximum gain. 

^'^olume-limitmg, volume'Compiessing, or volume-expanding 
cLaiactenstics may be added to an audio amplifier. As an ex- 
ample, sudden overloads on ampUders used m piiblic-adtitcss 
sj-stems aud in radio broadcast studkis, as when a speaker suddenly 
raises hia voice or plueea Lis inoulii loo close to llic microphone, 
may he avoided by using a “chopping” device which limits the 


MAime eonire/ 



Tia 9-33. Ose method »( eoatr^Img the asin o! s renetance-toupled 
amplifier 


}hbjmf eentfo/ 



Tio S1.31 One method of controlling the gain r>f a transformer-coupled 
amplifier- 

maMtnutn output of an amplifier no matter how large the impressed 
signal may be 

A more elaborate arrangement is to design a variable-gain 
nmplifier^ in which the decreases as the input signal rises.' 
Thus the output will contain all the original input componenfs, 

' Tins may he doDo, {or exan^ile, by rectifying a portion of the output 
eignal to Bceure a direct coToptment that is proportional to the average out- 
put taken over a fraction of s neroDil. This direct component is then used 
to conlrol the bias of remole-ctitofi pentodes used in one or mom stages of 
resistance-coupled aiupliflealiou, iu a manner eimilar to the automatic- 
rolume-control circuits used with r-f amplifiers (p. SS7). 
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hut the vohimc rnnge will be compressed. This is particularly 
advantageous where tlie s^al is to be transmitted any appreciable 
distance over telephone lines. As the s^iuil on a telephone line 
becomes weak, the possibility of cross talk from othei' parallel- 
ing lines increases; if the signal becomes too strong, the circuit 
may nausp, cross talk into adjacent tAannels. Broadcast st.at.ions 
use considerable care to inainlom the ciiei^ level within I'ather 
close limits on the telephone lines carrying their programs; and 
unless .an automatic compressor is used, this must be done by 
hand, Another application in which volume comptCBsion is highly 
desirable is in recording where too strong a signal may oansc the 
recording stylus (in the case of di^ i-ecordings) to cut over into 
the adjoining groove or may cause overloading of the light valve 
in sound-on-Rlni recording. 

\^olumc oxpnndera should l)e used when receiving a signal to 
which a volume compressor has been applied. An anipliricr so 
equipped will have a vnrinblo gain in which the gain increases 
with the intensity of tlie impressed signal. If the oharactorlslies 
of the expander are complementary to those of t-he compresKor, 
the resulting output should be identical in volume range wif.h the 
sigDp.l originally impressed on the input of l.ho compi'cssing am- 
plifici. Ui'ifortunately all compressors and expundera req\nre 
some form of time-delay circuit to prevent them from following 
each individual cycle; therefore, the output of the expander may 
not follow rapid clianges in volume of Uie original signal. Never- 
theless, quite satisfactory results are obtaiuabic in most commorcial 
applications. 

Circuits for volume compressors and cxpandei-a ai'c ratlier 
numerous and, in many cases, complex. The reader is, therefore, 
referred to the technical literature for detailed circuitR.' 

■Tin; following are sampIcB of the literature on this aubjool: 11, C. 
Mallies and S. B, Wright, "nio Compandor — An Aid Against Radir) Static, 
Eteo. Eng., 63. p, 860, June, 1934; S. B. Wright, Amplitude llnngo Control, 
Sell Biislcm Tech. J., 17, p. .WO, Ootnber, 1938; S. B. Wright, S. Doha, .-ind 
A. C. Dickiesan, A VoRnd for Radiotelephone Circuits, Proc. IRE, 27, p, 
264, April, 1039; 13. G. Cnoli, A X-ow-distortion Limiting Amplifier, Elec- 
tronics, 12. p. 38, June, J039; H. H. Stewart and IL S. Bollock, Coinprnnsion 
with Feedback, Electronics, 13, p. 19, FWirmtry, 10-10; G. G. McProviii, 
Volume Expansion with n Triode, Electronics, 13, p. 17, August, 1040; iind 
H. H, Scott, Dynamic Noiec Snpprcasion, Electronics, 20, p, 90, December 
1947, 
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Sources of Noise in Amplifiers. In general, the only limit to 
the amplification that may be cmployeii in nny given application 
is imposed by the signal-to-noisc ratio. Any noise i\ill be am- 
plified nlong with the riosired signal so that if tlie noise level at 
any point in the amplifier is an nppreeiable proportion of the 
aseful signal, further amplification will lie worthless. It h, there- 
fore, particularly importnnt that the noise level be kept low in 
the cmly stages of a high-gain amplifier. 

Noiae may be introduced by poor contacts, worn-out batteries, 
carbon resistors, or any other source of irrogiilarity of current 
flow, hut even wlien eueli sources are finite cnrefiilly eliminated, a 
limit is imposed on the maximum useful giun of n high-gain am- 
plifier by thermal nffttalion. Current flow nciiially consists of 
the mo%'cmcnt of discrete particles, electrons These are known to 
move around in a somewhat irregular manner within the confines 
of the conductor even when there is a gr.adiial drift (or current 
flow) in n given direction, the magnitude of i)ii» movemont being 
a function of tlie temperature Such electronic movements kH 
up small voltages whicli are entirely random in troqueriey, so the 
eticrgj' impressed ou the grid of an ampbfict is spread quite uiu- 
formly os'er a very wide frcfittcncy band, much u'ider than the 
presently used r-f spcclnim. Thus tlienral agitation imposes a 
limit on the maximum gain of any amplifier, whether r-f or a-f 

Another source of noise h the thot effect. Since an electric 
current is actually a flow of electrons, the plate current in a tube 
consists of a scries of small particles impinging on the plate rather 
than a smooth flow ns nonnally considered. In meat nwplifiers 
the magnitude of the aUeraatmg current (lowing, even in the 
early atage.s, is aufTicient to mask the effect of individual electrons, 
but in very high-g.ain amplifiers the signal applied to the input 
circuit may bo so low that the small irregiilanlies in plate current, 
owing to thfi individu.al electrons striking the plate, will produce uii 
.appreciflblo noise voltage in tbe output of the amplifier. It has 
been found tliat Bp.nce charge fends to smooth out this efTnct, and 
a con.sidcrablc c.veciW of emission over and above the normal flow 
of plate rnrrent. is, thrarefoTC, desirable in any tube used in tbe 
rally stages of a higb-gain amplifieT. 

'Evidently tioither thermal agitation nor tlic shot elTeet is of 
any importance unless the dc.siifd signal i.'i veiy .sm.'ill, since only 
then will the signni-fo-notsc ratio be low. Tims their principal 
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effect is to impose limits on the maximuin useful amplification 
obtainahle. 

Hum. Hum is the name given to induction in an amplifier from 
the CO-cycIe supply and its harmonics. Inadequate filtering of the 
rectifier that supplies the direct voltages is a common source of 
hum, the frequencj’ of which is usually 120 cycleB/sec duo to the 
use of single-phase, full-wave rectifiers. 

Hum may also he introduced by the alternating current used 
to heat the cathodes. Pilamentary-typc cathodes, if heated from 
an a-c source, must be supplied uitli a mid-fap, usually a mid-tap 
of the transformer sceondarj'^ supplsdng tlic heater curi'cnt, to 
which the grid and plate return leads arc connected. Since the 
average potential of this mitl-inp iviDuihui unchanged ^vith respect, 
to the various parts of the filament, bum from this source is re- 
duced to a minimum. Most cathodes arc, of course, indirectly 
heated because of the mudi lower hum level possible u'ith this 
type. Some hum may Ix! pinsent oven so, owing to induction citlier 
from the leads and other ciirrcnt-CDrrjdng parts or from pol.entialH 
set up between the cathode and heater. It is c&scntinl that the 
heater be tied to the cathode, prcfembly by means of a mid-tap 
on the transformer secondary supplying tlie heater current, t«j 
prevent alternating voltJ»gcs being set up between cathode and 
heater. Under some conditions it may even be desirable to malco 
the heater negative with respect to the cathode. A tw’istcd pair 
should always be used for tlic wiring between the cathode heaters 
and the transformer, to reduce induction from the alternating 
heater current. 

A more common source of hum is electromagnetic induction 
into various pai'Ls of the amplifier, especially into the transformers 
of a tmasformei'-coupled lunplificr. Tire use of resistance coupling 
in the early stages of a higli-gain amplifier will largely eliminate 
tliis trouble, but a transformer must frequently be used in the 
input circuit to match the high impedance of the amplifici' to the 
lower impedance of a transmission line or microphone. Such a 
transfoiTner mu.st be very heavily shielded to eliminate all hum, 
since if even a very small amount of hum is introduced at this 
point, the sigual-to-noise ratio toU be low in all the remaining stages 
of amplification, It is ^so possible to reduce the amount of hum 
picked up in this and oHier transformers by so arranging them with 
respect to the sources of a-c induction, such as power transformei-s 



3 IQ AVDIO.FRBQUBffCT AifPLIFIKRS [Canp. 3 

and chokes in the power-supply unit, as tn miniTnize the pickup. 
All expei-imental method of dctennming the proper location is 
often tlin most satisfactory. 

Electrostatic indiiotmii is also a source of hurn. Any point in 
the amplifier that is separalrd from grtmnd by n high impedance 
is subject to eUctroatatic inductioo, since even, a small current 
will then set up a comparatively high voltage. The grid circuits 
of the vnrioiia tubes in the amplifier are most susceptible to such 
induction, since they are usunlly .soparalcd from ground by htgh- 
impedance grid leaks (the cathode normally being at or neat 
ground potential) The grid leads of the earlier stages of a high- 
gain amplifier must tUere/ore be short or thorouglily shielded to 
prevent hum pickup. 

Microphonie IMolse- Mlcrophonic noise is caused by vibration 
of the tube elements, owing either to mechanical vibration trans- 
mitted tlirougU the tube socket or to sound waves striking the 
tube envelope. Vibration of a t«bc iKie to cithoT cnusc produces 
variations in the spacing between the electrodes nnd, therefore, 
in the space currents. These variations, being at audible fre- 
quencies, produce a sound in the loud-speaker. 

Mioropbouio aot«o ciay be reduced by proper design of the tube 
nnd of its mounting. Some tubes have less microphonie action 
than others, certain types being constructed especially for the 
early stages of high-gain amplifiers wliere the effects of micro- 
phciiiu autioii are must, serious. Mouiitiug of the uutire amplifier 
on rubber cushions and. If necessary, separate mounting nf the 
tube sockets u’ill reduce the probability of microphonic.'i 

It should be here noted that although the noise and hum discussed 
in the ineceding st’clions have bceu largely of un o-f imture, they 
are likely to cause eonsidemhic trouble in r-f amplifiers ns well 
All vactuim tubes have some nonliaearity in their characteristic 
curves which, as shown in Chap. 13, wall cause the distutbing 
signal to be modulated ou the r-f curreuts and bo pass ao through 
tfie ampfificr in tfie kuuii matincr n-s tfio desi'rccf ii-f inocfu/ation 
carried by the r-f currents. 

2. POWER AMPLIFIERS 

Nearly every amplifier tube produces n power output that 
greater than tlic power delivered to its grid and is, thcieCore, lo 
the strict sense of the word, a potfer amplifier; but this term lias 
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becji gcnci'nllj' applied to lliosc tubes used to supply power to 
uircuits wherein )]ower, rather tliaa voltage, is the principal con- 
sideiation. Tubes supplying loud-speakers, radio anfennas, etc., 
ni'e examples of this class of nmpli&ers. 

Power amplifiers may be Massed as r-f or a-f. The former are 
usually either class B or doss C and are described in the next 
chapter. The latter are oitlier class A or, when o])crated in push- 
pull, class B or class AB. The performance of a-f umplificre is 
covered in this pai't of tlic piescnt chapter. 

In studying power amplifiers considerable emphasis will be 
placed on methods of oompnlinK and reducing amplitude distor- 
tion. I^'ery little was said abotit amplitude distorl.iou in the pi'c- 
ceding sections on volUigc amplifiere because the umpl’itude of the 
signal hi a voltage ami>lifier is likely to be very tnuch Jess than the 
maximum capacity of the Uibo so that amplitude distortion, when 
Ihe tube is operated with correct electrode voltages, is usually 
negligible in magnitude. The final stage of a voll-nge amplifier, 
however, may normally be expected to produce a voltage close 
to the maximum capacity of tljc tul)c, and in such oases llio methods 
of the succeeding sections may be used to determine the amplitude 
distortion to bo expected. Similarly the equations and procedures 
previously given for determining the fiiKiuency distortion in 
voltage amplifiers may be ajrplied to power amplifioi's mid some 
disoussbn of their application will lie given later (page 8137). 

Class A Power Amplifiers. Tlie study of class A power amjili- 
fiens iuvolvea tlio determination of their power output., thn dis- 
tortion present, and particulariy the optimum loud resistance and 
direct elect, rode ]30teutials for maximum power output without, 
excessive distortion. If a set of static clmracteristic curves of 
the tube is plotted together with tihe dynamic cujvc for a given 
load resistance, tlic performance of the tube may be determined. 
Such a set of cur\'’es was shown in Fig. 3-21, page \) 7 , and is repro- 
duced in Pig, 9-35 for convenience. Hero it is evident t.hat, with 
a sine wave of eiuf impressed on ^le grid, (he plate-cuvrcnt wave 
shape is definitely not sinuscndal; t.e., amplitude di.stortinn is 
present (see page 258 for definitions of the various types of dis- 
tortion), It is furtiiev apparent that the cause of tliis distortion 
IS the curv.at'ure of tire characteristic curves, particularly ut low 
values of plate eun'ont. Thorofore, one requirement foi' distortion- 
less amplification is that the plate current must never, at any part 
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of the a-c cyelc, be permitted to mring clown into the appreciably 
curved portiona of the uliaractcnslic curves. 

Distortion may also f^jpeur if the grid ia perjnittcd to sning posi- 
tive at any point, in tlic c^yclc. (drid current flows, indicating a 
decrease in the input rrswtanen of the tube, whenever the grid 
swings po.sitive. If tlic driving amplifier is resistance coupled, 



T 

'a 

Fiu. 0-36. Eciuivalent circuit of a driving amplilier illiutratins the eilenk 
of grid corient flowing in the dnven tube. 

this U equivaleot to lowcru^ the grid-leak resistance R^, Fig- 9-i. 
during a portWQ of the cycle which, as shown by Slq. (9-30), will 
decrease the gain of the driving amplirier during that period of 
lime by decreasing J?o. The {nuoe analysis may be made of a 
truttsformer-coupled amplifier leading to similar condasiems 
The problem ismoreeimply pul inFig. 9-30, whicli represents the 
equivalent circuit of a reskitaiice-coDplcd driving amplifier in tlic 
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raid-frequency range. The variable resistance represents 
tlie grid-to-catJiode resistance of the driven t\jbc, wJiich is high 
throughout that part of the n-c cycle tliat. the grid is negative but 
which decreases materially during a small jjortion of the cycle 
when tlic grid goes positive^ It is evident tiiat the voltage 
which is ajijiiicd to the grid of the driven tui>e, will be equal to 
' ^ remained higli thraiigh- 

the cycle, E', would be equal to ns shown by tire solid 

cui^^e of Fig- 9-37. But when the grid swings positive, iie- 
comes smaller than Ro cauauig E’, to follow the dashed cur\c. 

TJiers are several solutions to tho foregoing problem, the most 
oomiaoa of which, for class A amptiRccs, is to maintain tho grid 
negative at all times by applying a suitable d-c bias. Tlie input, 
resistance then remains high at all times throughout the cyclo, 


*9ii> 



Tio, D-37, Illustraline the dtstorlion Sotroduced by permitting grid cur. 
rant to flow iu Iba driven lube. 

and no distortion results. the grid is permitted to swing 

positive, other methods must be employed to reduce distortion. 
Such cases will be treated in a later section on class B amplifioi-s 
(page 350), as class A amplificra arc seldom so operated. 

The foregoing may 1 k 5 summarised by stating that distortion- 
less operation of a class A powm: amplifier nonnally requires tiiat 
tlio grid be maintained negative and that the plate current be kept 
above a given minimum throughout the cycle of impressed voltage. 

Conditions for Maximum Power Output. Resistance Load. 
The quantitative study of a power amplifier may be simplified 
hyusing the plaie-current-piofe-voltage chavactoristics rather than 
the platc-eurrent-</rid-voltj^ characteristics of Fig. 9-35. Such 
a set for a triode is shown in Iig. 9-38. The operation of the 
amplifier, as summarized in the preceding paragraph, must be 

' III dovEloping Eq. (0-30) Rt, was considered infinite. , 
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confined to the shaded nrca, tlie upper edf^ of which is the zero 
gnd voUage curve, whereas the IouwikIkc represents the nunimiim 
pcrmissiblo plate current. This minimum current is a function of 
the permissihlc distortion luid of tlw rcsistonco of the load. It is 
therefoie not a ngidly fixed quantity Imt must be determined for 
the conditions under ^vhicli the amplifier is to uork. Xeverlhc.- 
Jp.«s its range of variation is not great, and the use of an arbitrarily 
fixed minimum is of great assistance in visualizing tlic performance 
of the amplifier. 



Fio 0-3.S Hisloptioairfls opcralkni of a doss A nroj>lificr ref|uires Itist 
variations in phitc current and voltncc W rcstricled to the cmsihalchcil 


I.£t it be ussumed that the tube is tn opemto in the circuit of 
Fig, that Tx is an ideal transformer at the frequcncit's tu in* 

u«ed which presents an impedance across its primarj* fcmiin.il-’ of 
/it = (M/A'’t)*7f, (when) A'l and A'^rwro the luiinbor of primary 
uiul secondary tiirn.s, reiqxictivoly, of the transformer), and that 
tiu“ impedance of C, is zero. liCt it be further assumed tlml tlie 
grid bias (voUage drop acrosa fj,) is t50 volts and that the dirort 
plate voltage (d-c supply Icea th« drop iicros.-i H., the resist.ance 
drop ill the transformer priimry being ncgiigible) is 250 volts. 
If the alternating voltage supplied fo tlie primarj' of the grid- 
avcitation transformer Tt is, for the moment, zero, only direct 
current ivill flow in the plate mrcuii, the magnitude of which may 
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be detemiincd from fthe static curves (replotted in Fig. 9-40) hy 
the intersection of tlie —50-volt grid cuivc with tho 250-volt 
plate-voltage line, an intersection tlmt gives h, = 29 ma. 



Fig. 040. IlluBtrating the elloct of improper bias on Uie iiorforniancc of 
a class A amplifier. 


When alternating voltage is applied to the primary of the nxoii a- 
tion transformer Ti, tlie plate cuiTonl and plate voltage will vai^i’ 
above and below their direct values of 29 ma and 250 volts, re- 
spectively, the plate voltage increasii^ as the current decreases. 
We may determine the rclationsliip, and so plot tho curve of u 
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VB €t, by tvTitmg the follo^nng equations taknn from pages C3 
and ()4 and the footnote on page 67 

= /» - ip (9-73) 

e* = E6 + tp (f)-74.) 

t, = ipRt, (9-75) 

By combining tliesn three nqunUoii-i wc iimy writo the equation 
of the ifCi curve, Ijtiotvti aa a loort fine/ 

e» = Ei + Ihlit- ■" t*J2t 


^Vhcn correspordiriR values of c* and **, as obtained from this 
equation for “ 1750, = 250, /* » 0 029, are plotted in 

Fig. 9-JO. the loti*er of the tno 1750-ohm lines is obtained. Thi-s 
load line is alTvaya straight, vben a resistance load is used, as con- 
trasted with the curved uatuce of the Uyoatuic curve of Fig 9-33 

It should he uoted that the loner 1750-obm load line of Fig Q-JO 
is extended to, bub uuL below, ilie oiiiiimum plute uurreut (cum- 
pare with the miminum plutn-currcnt Imc of Fig 0-^8) wbicli per- 
mite A maYimiioi nogntivo gnd aning of about 35 volts (from 
—60 to —85). Obviously the maxirouiti awing in thn powtue 
rlircctton mtb a sinusoidal input is also 35 volts , nod the eur\’o is 
therefore extended in a positive direction to — 16 volts on the grid. 
To secure the maximum po^ible output without excessive distor- 
tion the alternating voltage should be such as to decrease the 
plate current just to the minimum value on the negative h.ilf 
cycle and yet teach lero gnd voltage on the positiv'e half cycle 
The grid bias of —50 volts must, therefore, he slightly reduced until 
the load line intersects the minimum plale-curreut line at a grid 
voltage of twice the bias. Tliis is illu-ttiuted by the upper 1750- 
ohm load line in Fig. 9-40 where the bias Las been reduced to 
—45 volte permitting an cxihtniioD voILige of 45 volts urest value 
without excessive, distartkwi. The grid swing is from 0 to —90; 
a vollage nf —90, or tm'cc the brns, reducing the current to a point 
just slightly into the curved region. 

The procedure just outlined may be followed for other loads by 

* Since the relationship brtwren i» and <!» is deteririned entirely by the 

lo-id impedance and not at all by the tube characteristics, this ctirre U 
known us a load fine ratlier tiiali » ilyiutmic curve (the leiin npplieii to lh>'. 
dotted curve of Fib 0.35). 
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so , adjusting the excitation and bias as to maintain constant dis- 
tortion (the crest value of the excitation voltage being at all times 
equal to the bias). The pon-cr output and bias so obtained are 
plotted .against load resistance in Fig. 9-41.^ 

Theoretical Determination of Load Resistance to Be Dsed.- 
It is possible to compute tJ»e load resistance which will produce the 
maximum poAver output under the as.sumplion of si-i'aight-linc 
characteristic curves. Such an analysis will not Ijc cxacl.Iy correct 
for actual amplifiers becniise of the curvature of tire characteristic 
curves of ttie lutie; ncvftrtlielns.s the information obtainable in this 
manner is useful anfi the resnlls do not differ loo much from those 



Fio. D-ifl. CurvcB of output And bios of n inode lube for co&stimt 5 per 
uont (liitortion. The crest value of tlio signal voltage is cciubI to the bias, 
(r, •• UWO olims) 


of less general but more aciairale methods such ns the graphical 
analysis starting on page <328. 

Fig\iro 9-42 shows a set of hypotheticnl tube static ciiaractcristic 
cun'GS which are pejfectly straight. A load line Cl' is drawn in a 
manner similar to that employed in dra'n'ing the load lines in Fig, 
940, The distance OB represents the plate voltage Ei, whioli is 
assumed to be held eonsUint. For maximum outjJut without dis- 
tortion the grid voltage should swing just to zero on the positive 

' Methods of computing the power output and diatortion .arc outlined in 
li later section beginning on p. 328. TIic 3500-ohm Joatl lints abown in Fig. 
9-40 hns nothing to do with the present discossion but is rofoned to on 
page 328. 

’ For additional discussion of this problem, see Wayne B. Nottingliiim, 
Oistitnuin Conditions for Maximum Power in Class A Amplifiers, Pron, 
29. pp. 620-G23, December, 1941. 
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linlf cycle of the excitation voltage anti miffieicntly negativt; on the 
negative half cycle to nany the i^ate current just to the curved 
region Since it was assumed that the plate current curves arc 
straight all the way to aero, tlw negative swing of the grid voltage 
slioiild be Just sufficient to cause the plate current to drop to zero. 
'I’liis moans that nporatiun is confined to tlia region CDK of the 
load line, where D ia so located that C/J = Dli, nnd wc may write 
h « ffO. =■ no = <7/7. Et - OB, - AB = SC. 

Since the objective of this development is to determine the value 
of the load resistance. Hi, which will ^vc the maximum power 



output without distortion, the first stop is to write the equation 
for the power output 


hlaximum power output is found by dinerwitUting P witii respect 
to flt, and equating the result to tero. Since the current Ifm 
will vary Avith 2£l, it most be expmrised in terms of Rt, before we 
can dilTcrviitiatc. Tu do eo let us first write 


in the above equation may be expressed in terms of E» by 
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The distance OA may be expressed in terms of AE and Tp {since 
Tp is the reciprocal of the slope of tlie line OE) and AE is evi- 
dently equal to 2/p*. Therefore 


_0A _0A 
AE 21^ 


(9-80) 


Solving this equation forOyl and substituting in J5q. (9-79) gives 
= E^~ 2/,*r, (9-81) 


Substituting Eq. (9-8!) into Eq. (9-78) and solving the resiilt.ing 
equation for Ipm gives 




E„ 

Rv + 2rp 


(9-82) 


WliBD Eq. (9>82) is substituted into Eq. (9-77) the result is 


2(«,, + 2r^)* 


(9-83) 


The only variable on the rigl)t-han<1 side of this equation is 
Rl so we may differeutiiite P with r<«!i)ecl to Ri and set the result 
equal .to zero to determine the conditions for mivxhnum power 
output, When this is done, wc find that 


Rt. 


2r, 


(0-84)* 


Thus/ under idealized conditions of slraigUt-Hne cluiracteriBlio 
curves the load resistance should be mode equal to tA\’icc the plate 
resistance of the tube to obtain maximum power output without 
distortion. 

It may seem strange that the theoretical load resistance for 
maximum power output is twice the internal resistance of the tube 
instead of being equal to it. For example, let us rewrite Eep 
(9-77) by first solving Eq. (3-20) (page 63) for Ip and putting tiiis 
value of If into Eq. (9-77). This ivill give 


and when P is difTcrontiated with respect to Rt. and the result 
equated to zero, we find that maximum power output occurs when 
Rl- = Tp. The difference in these two results is that Eq. (9-83) 
was developed for maximum output wHIuml dtsforiion. assuming 
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the necessary R'icitatiem voltage to be available, It is therefore 
based on the assumption that the minimum plate current is equal 
to zero and that operation on the load line takes place belw-een 
two nonparullcl lines, OE and OC, the bias (direct grid voltage) 
and excitation. (aUernatmg find voltage) being suitably readjusted 
with each change in Rl so as to realize this condition, 

This is further illustrated by (he second load line C'D'E' which 
represents a lower load rc.systancc.. The tqwrivting point has been 
shifted from D to E' by a change in bias, and the excitation voltage 
has also been changed so that lie crest value is equal to the biu*, 
= R, 'rhi; point 1)' w so that CD' equals D'E', 

thus operation over the load line is again confined to the region 
between the lines OE and OC. 

Equation. (fl-Sfl), on the othe.r hatul, waadnvelopsd for mavlmutn 
output for a fixed exatauon voltage and is based on the assumption 
that the characteristic curves are both straight and conltnuoui 
tliroughuut the rcgiou of piatc-ciirrcnt variation, ro that diRtortiun 
ia not a problem The requirement of continuity is met by making 
the minimum plate current gieater than zero, as illustrated in Fig 
0-13, where tlio huts is such ns to set the opiirntiiig point at, D 
If the crest value of the excitation voltage is again made equal to 
the bias, operation wU be between points B and S’ and tbe mini* 
mum plate current will be OJ A lowur value of luail n^Ristaoco 
is rcjircsonted by the line E’EN', no change in bias or excitotiou 
voltage being made. It may be seen that operation under theoc 
conditions is between two parallrl lines, OE and FS, and under 
these c<iiKhtitms maximuin power output requires that Ri, = r,. 

These two conditions arc further iUuslratetl by the power output 
curve of Fig, 0-lJ, computed for an actual trioilu tubu for a con- 
Blaiit distortion of fi per cent and thus coriesponding to the cod- 
Btruction. of Fig. 9-12, and the power output curve of Fig. 0-44, 
taken for the condition of consfunl cxcitaliua voltage and thus 
corresponding to ilic construction ol Fig. 9-43 (In the hitler case 
the crest value of the e.xcitation voltage was less than the bias to 
keep point E" above the curved r^ioti of the static curves so as to 
prevent dislurlion. This lias the effeet of lowrriug the output 
but is nct^cssary to prevent distortion from changing the shape 
of the output curve.) Ccanpanson of these two curves shows that 
the maximum power inilput in Fig. Q-41 occurs at approximately 
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lii. — 2rj, (tj, = IGOO ohms) and Uiat marimiim power output in 
Fig- 94-1 occure at Z^^, = r^. 

The statement was made in a preceding paragrapii tliat the 
minimum plate cuvi'cnt in the construction of Fig. 0-12 was ?:cro. 
Tliis is of course U'uc only in the idealized caj?c of perfectly straight 
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Pio. 0-4S, Operation on the UicorcUcnl curves o! r<4. 042 wlmti tho 
tninimum plalo curront is groMor than zero. 



F:ti. !)-41. Curves of output anit distordon for a triodo tuljc for co7i8tant 
'inpreased aipnal vcilUigc; Et — 2.M) volts, Be — —SO volts, = IBOO olims- 
(Only ^0 volts crest alternating potential was used on the grid (or tlio 
power curve to reduce the o.ftw.lB of distortion, while the maximum per- 
inissible crest, voltage of 50 volts was used in lifctcrniininf; the diatortiou 


characteristic curve.?. In an actual tube the minimum plate cur- 
rent is very small, as indicated in Fig.' 9-40, l:>ul cannot be 
quite zero. 

Effect on Distortion of Changes in Load Resistance. Since it 
may not ahv.ays be possible to provide the optimum load resistance 
for an amplifier, it is dearahle to observe Uio effect on dietoi tion 
of using a load resistance cither liigher of lower than thc optimurd 
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value. To this end a curve of dislurtion vs. load resistance in a 
tnode js plotted in Fir. 9-44, vnth tvnsianl impressed allcTnatinj; 
voltage the crest value of which is just equal to the bias. Tlje curve 
shows that an increase iu load reliance reduces the distortion 
altbougli, ns shown liy the accomiiunyiiii' power curve, high values 
of Joad resistance cause a consriderahle drerea.se in available power 
output. From this we may conclude that, where it is impossible 
to supply the optimum load resistance for high output, theload 
re.sistancB for a triodo sliould prefersibly be higher, not lower, than 
the optimum value. 

The re.saon for loiver distortion nt the higher values cf load re- 
sistance is that the dynamic characteristic (Fig. 9-35) becomes 
Btruighler as the load resistance is increased. Tliut this iimst Ic so 
jTiiiy bf! seen from Fig. 9-10 where ojuiration svith thtj 3500-ohm 
load line is seen to lie much ]cs4 in the curved region of the static 
curves than for the 17o0-ohm curve for the same grid and plate 
voltages. 

Willi pentodes and beam lubes tlie perfunnaDcu is somewhat 
different, tiio distortitin incre(u<iiig willi n change in lond rc.sistance 
In cither direction from the optimum value The reason for thi? 
may be more clearly seen after the discussion of Fig 0-40 
on page 33(3. 

Graptucal Detemunation of Harmonic Content and Power Out* 
put with Resistance Loads. Triodcs. The exnct performamv. uf 
an amplifier tube, faking Into account the curvature of its char- 
acteristic curves, may be determined by moans of the power series 
(see Chap. 12), hut when the load is a pure resistance the curves 
of Figs. 9-41 and 9-44 may be oompiited graphically with a liigh 
licgniR of nccurniy nnd with considembly less work. 

The graphical method of determining the amplifier performance 
requires the drawing of the load line on the static characteristic 
curves, as in Fig. 9-40. Such u cunslructiun is bIiowii in Fig 9-15 
for a load resistance of 3900 nhms and direct voltages of Ei = 250 
wwd FI, =* —5ft. I^st.^rws.'w be p»= 50 

3in bit IS .applied to the input of the tube The grid voltage will 
vary sinusoidally about its average value of —SO volts between the 
limits of 0 and — lOO volla, causing a cliangu in both plate current 
and plate voltage. SincRthoplatecurrcntnnd plate potential must 
follow the load line, the plate eunent will vary between 04 5 and 
3 ma, and the plate potential between 115 and 350 volts. A time 
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cui've of plate current may now be plotted (Fig. 9-40) and analyzed 
for the presence of harmonics. Table 9-1 shows the result of such 
analysis up to and including the third haimonic (.see Appendix B 
for the method of solution). 



Flo. OAS. Illustrating the load-line method of omplinor nnalyaig. 
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uK in Degrees 


Tin. 9-]6. Time curve of plnte current os obtained from tlio load line in 
i'lg. 9-45. 

h'fuch information may be derived from Jig. 9-45 without the 
necessity of wave analysis. To fadlitate this procedure it will be 
helpful to redraw the plate current curve of Pig. 9-46 with e.xag- 
gerated distortion as shown in Eig. 9-47, and write its equation as a 
I'onrier scries [see Eq. (B-3) oS Appendix B], 

Ik = Oo -f- (ii cos ul 4- Os cos 2 o>t -1- as cos 4- • • • 

4- lij sin ut 4- 61 sin 2eal -f- 5s sin 3ut + ■ ■ ■ (9-86) 
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Figure 9*47 shows that the plate-current wave is ajTQmetrical 
tibout the h and 6 axes for wl = 180 and 360 deg, respeotivcly 
This must bu so since both incteasiog aod deci-easing platc-enrrcnt 
values were obtained frfwn the .same IikkI line tm Fig. D-45. This 
sy'mmetry can be expressed by 3Cq. (9-S6) only if each term of that 
equation is symmetrical about these axes which mcatM that the. 


Table 9 - 1 . Resuitb or Foueier Analtsis or the CtruvE op 
Fio 9-lfl 

Rt «> 3W0 ohma, K. « —SO voltii, R* •• 25O voIf« 


Direct eotnpo- 
oeot (with HO 

alternatiae 

current) 

hi 

Direct compo- 
cent (mlb 
alternatine 

1 current) 

I. 

FoDdacneutal 

component 

f. 

Seeond- 

iuiriiiUDW 

component 

/, 

Third- 
1 harmomc 

1 rnmponcBt 
h 

S9.a 

' 31. S 1 

22 0 , 

1 65 1 

0.19 




aiae terms must be sero, t.c., ii, b}, i>j, etc , are all equal to zero 
We may, therefore, rewrite Eq (9-W) as 

»* “ Oo 7* ai cos at + at cos 2«f 4 - Oj cos 3wl -f • • ' (9-S7) 
The mimcneal values of a», Oi, etc., may now be determined by 
first choosing any value of ul, deternumng the corresponding value 



Fio 9-47. CJorve of pUte current «itli CAaBijurateJ liistortior. 

of from Fig. 9-45 and inserting these values of tuf and 4 iulo 
Eq. (9-87). If this process is repealed for asTnauy pairs of toIw* 
of at and ii as there arc compatuinls to be evalimted, tlie resulting 
equations may bii solved fumnltaneousl}' for each component. 

Since this method will give satcsfactory results only so long 
no harmonic of appreciable magnitude is cunitted from Eq. (0-87), 
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it is iiecessai"}’ that the highest order harmonic, wliicii is of siifR- 
cient magnitude i.o i>c imporlanl, he known before a solution is 
attempted. In triodes only the second harmonic is normally of 
sufficient magnitude to be considered and we therefore need use 
only the first three terms of Eq. {9-87) ; in pentodes and beam tubes 
the third harmonic is likely to be the largest component and the 
firatfour terms of Eq. (0-S7) must be used. Move terms may !:e 
included, if desired, with any type of tnbo. 

Followitig the general piocediire outlined in the pieceding para- 
graphs, equations may Ire developed by means of whiclj (.lie magni- 
tudes of all the comironcnts may bo computed directly from euiv(*s 
such as those of Fig. 9-45. Since there am three components t.o bo 
dstfirmined for a triode, t.c., d-c, fundamental, and Bccond har- 
monic, wo must select three diJTciunt values of wl nnd read the 
corresponding values of n from Fig. 9-45. But before wc can read 
?i wo must know the grid voltage, which may be written 

et = Ec + E,„ cos ul (9-88) 

for an impressed sine wave. [Equation (9-88) is written witi\ a 
cosine rather than a sine term to conform to the aero axis chosen 
for Fig. 9-47.] With the aid of this equation and the curves of 
Fig. 9-45 wo may now determine it, for the thieo values of 
U selected. 

Evidently maximum accuracy rcxiuiies that the three \'aliies of 
n i>o widely dilTcrent in magnitude; therefore, lot us use u( equal 
to 0, 90, nnd J80 deg. At ut = 0 deg, cos «= 1, cos 2&>t = 1 
and ii will be at its maximum, so ^Yo may write Eq. (9-87) as 

Hjn\x = Ofl 4- flj -b flj (al = 0) (9-89) 

At tut = ISO deg, costof = — 1, cos2t<)i = I, and *6 is at a minimum, 
so wc ma}' write Eq. (9-87) as 

iiinin = no — Oi -t- a* = 180 deg) (9-90) 

At ul = 90 deg, cos wf = 0, cos = — 1, nnd it, = /to. We may 
therefore writ.e Eq. (9-87) as 


Im = oo — 02 (ui — 90 deg) 


(9-91) 
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monic IS plntted to n ciinerent scale than tbe fundamental to shon- more 
clearly the relative phase pnaitlons 

Determination of llazmoitie Content and Power Output with 
Reslstante Load. Pentodes and Beam Tubes. The method of 
the preceding section may hft applied to pentodes as shown in 
Fig 9-49 where the load line representa a resistance of 7000 ohms 
Since the output of a pentode nunnally contujiis more third- 
harmonic component than second, it is necessary to extend the 
method to include additional components. This may he doTie 



liy determining the plate current for as many more diRctcnt grid 
potentials as there axe additional harmonics to be evaluated. To 
include the third and fourth Iiannonica let us aBBUiue additional 
grid potentials equal to the grid bias plus and minus D.707 times 
the crest \-aluo of the alternating grid voltage (E^ ± 0 707E,^}, 
corresponding to values of ut equal 45 and 135 deg Letting ii 
find Is ho the two currents coirespondiog to these grid voltages 
(Fig. 9-49), equations may be developed by following the methods 
of the preceding section, giving 

T s A + Wmi. -h 2(/'m + ti + is) (n-iOSa)* 
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„ + — T») 


" 4V'2 

~ •IV2 


- ■s/2{ii — »j) 


4-V/2 

X + Ibmiii + 2(/» — ij — /.1) 


8\/^ 


(9-1035)* 

(9-103c)* 

(g-I03(/)* 

(f*-103c)* 


Dislortioii = X 100% (9-103/)* 

P. = /pi*Rl (9-103j7)“ 

Eiample. The mimericnl a'.iIucs for subatitiilioii iti ISqs. (0-103) maj' 
be fmiml from Kig. IMO for Rt * 7000 uliins. 

/lo - 84. Um. •> &I-8. <>■ n.1. 4, <t - Cl, t'l o 8.6, 

nil ill milliampcreii. 

Substituticiii of Ihcsd values itilo ISrie. (0-103) gives 
h - H4.4C mn 
/„ -> 33.8 iQu 
/«-. 0.07 mA 


DieiOrtion - 10.4% 

Power output “ 3.0s watts 

It should he noted tlmt a crest A'alue of exoitution voUago of 
only 1G.5 volfs is needed for this pentode tulie as coiniiarcd to tlic 
50 volts lequircd for the triode. 'ITtis 5s ehaiaetcvistic of pen- 
todes hecaiisc of tlieir high ft- It should also be noted tliat liie 
difitorlion is soinoAvliat higher than witli triodos and is primarily 
third liarmonic in character, which is also cliaractoristie of these 
tubes when using the load resdstance which produces inaximum 
output at low distortion. 

The computations of the preceding c-vample may Ijc I'epe.ated for 
other lond resistances and the results plotted against Ri. .as in 
Fig. 9-50. Tliese curves should be compared with those of Fig. 
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0-14 for a triode, both acts heii^ cnmptitcd under the same condi- 
tions, t € , constant impre.qsed signal voltage and bias. It may be 
seen that [cv the pentode there is a load resistance that gives mim- 
miira distortion, whereas dkstnrtion in the triode decreases con- 
tinuously as the load resistance is increased. 'I'he reason for this 
dilTercnct) may be seen from Pig. 9-49 which shows that the load 
line for a pentode extenda into the curved region iif the cluit- 
acteriatic curves at both ends instead of at only one end as for the 
tnode (Fig 9*45)- A decrease in load resistance increases the 
penetration into the distortion region at th« lower end, while an 



increase in resistance increiiscs the penetration at the upper end 
Thus there, is. a load wAfetanre fox ■which Vhexe w apprusimately 
ef]ual penetration at both ends wliero the soconcl harmonic is 
eero, as shown in Fig 9-50, and only the third harmonic remains 
Miniinum distortion occurs approsinoatcly at this point. 

It is of interest to note that tiie sjuoiui huruionic experiemi a a 
180-deg phase shift as Hs magnitude pa.ssps througli zero at ap- 
proximately 7000 (duns. This is because the plate-current wave 
will be fiattenod in the Pegion of minimum current for resistaneo^ 
less than, about 7000 ohms but in Uic tpriotv of ttuminum current 
for higher resistances. 
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Equations (9-103) are equally applicable to a triode and should 
he. used when there is a probability of appreciable harmonic out- 
put of higher order than the second, as in the case of a barlly o^'-er- 
loadecl amplifier. Tliey mml be used for pentodes and beam tubes, 
since, as ilhistratod in the pentode example, the thiicl harmonic 
may be larger than the second. 

Application of this anaIj'MS to beam tubes fo!lo\YS the pentode 
example just pi'escntcd and produces very simOar results. 

Summary. The performance of a power amplifier with re- 
sistance load may be i>rcdictcd from the construction of Fig.s. 

or 9-49 and from Eqs. (9-101) and (9-102) or Eqs. (9-103/) 
and (S-lOSj) for anj- given load resistance and direct plate and 
grid r-oltages.* The correct grid bias for any given plate voltage 
may bo obtained by the graphical method of Fig. 9-40, Under 
normal conditions, Imwover, the correct grid and plate ^'oltaBC8, 
the optimum value of load resislancc, the power output, and the 
dialort-ion arc obtainable frem lube dala. sheets provided by the 
tube manufacturers, Eqs. (9-101) to (9*103) prordding information 
for any othci' voltages an<l load resistances as desired. 

ESect of Reactive Loads. The analysis of liio preceding see* 
lions is applicable only to resistive loads. If the load coiilnins 
some reactance, the load curve is no longer a straight line but an 
ellipse (Fig. 9-51). An analysis of this type of load oui-vo is ex- 
tremely difficult, and tlic powor-scrics •analj'sls of Chap. 12 should 
be used. 

An example of reactive Icxid is found in loud-sjieakors ivh5c.b 
may be represented by an equivalent circuit containing both 
resistance and reactance. Although computations of sufficient 
acoiiiuoy for many purposes may be carried out by considering 
sucli a load impedance to be resistive only, tire roaci.ive component 

’ Some error is involved iu this method becnusc the ftBsumjilion of n 
pure resistance toad means that the increase in the direct compoiieiil. of 
jilato current clue to rccUflcation, (/t — /►«). sliould oiiooucitcv the same 
resiglaiico in the plate circuit as do the 'alternating components. M'itlt 
ttiinaformcr coupling tliis is not so, and the error involvotl may be appre- 
ciablo unless the rectified current is small. For details, sec 0. E. Kilgour, 
GrapLicsil Analysis of Output Tube Ferformaneo, Proc. IH/i, 19, p. 42, 
January, 1931. 

The power series method of aunlysis (Chap. 12) dooH iiofc inoludo this 
error. 
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Plate £fficlenc7. Triode Tubes, 'llw plute efl^ciencj' of an 
amplifier is the ratio of the a-e power output to the d-c power mput 
to The plate circuit, nr 

Plato efficiency = (9-101) 

wliere Pn is the power output of tlie tiiln'.. In tho triode example 
of page 333 tins equation 

Plato officcnay _ ^ ^ X 100 - 23.J% 

The maximum theoretical efficiency of a class A amplifier is 
SO per tent. This sany be seen by teteTriiig to Tig. 0-S^, which 
shows a set of stalic ciiaractoristio curvRS anrl a load line ab The 
slope of the load line ia determmed Iqr the load resistance of the 
amplifier, as previously pointed out In connection wilii Fig 0-40. 

* An analyMs of amplifiers with reactive load is given tiy Manfred ven 
Arderme, On the Theory of Power Amplification, Prot. UtE, 16, p 193, 
February, 1??S, 
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Evidently the theoiBtically maximum possible swing of the plate 
voltage is from point a to point b, or from 0 to 2Ei,,' where Ei 
is made equal to half the voltage Oh. The pinto voltage cannot 
swing farther to\\'ard the Irft, as it is impossible for it to become 
negative ; it cannot swing farther to the right, as this would require 
a negative plate current, also an impossibility. Moreover, if the 
plate voltage is varied from 0 to b, the i)!ate current will also vary 
over its maximum possible range, from a to 0 (i.c., from 2Ib to 0). 


lb 


«b 

I'lQ. 0<J>3. llhisirnting; the maximum llieorclieal values of aHornuliiiiK 
plate voltogo and current in a Iriodo. 

Therefore, under these maximum (liKOrelical conditions, we may 
write Epn “ Eb, and Ipm *= ft, or » 0.707f?», and Ip = 0.7077i,. 
Substituting in Eq. (9-101) gives 

Max theoretical plate eff. = x 100 *= 50% 

Actually the efiicieut^ of any class A amplifier will be much less 
than its theoretical maximum of 50 per cent. An inspection of 
Fig. 9-52 will shmv that the grid mustswmghiglity positive to make 
the plate voltage even approach eero. Since a highly positive 
grid swing will produce conaderable distortion, it is not practica! 
to make Epm equal to Et as was a^umed. Also, if the plate cur- 
rent is to swing to zero, the lower values of current will lie in the 

‘ Such a large variation is imposaible phyacally, biiicc it culls for maxi- 
mum plate current with zero plate voltage, but represents tlie muximuni 
ikeorelical value. 
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curvfid region of tlie sialic ciirves; therefore, the output wove will 
be flattered during Loth halves of llie grid-voltage swing. T^either 
the plate voltage nor the pinto enrrent enn, therefore, ever smng 
to zero, and the efficieixy is always tew than 50 per cent, 25 per 
cent being about the maximum, as in the preceding example. 

The meroye efficiency of a class A amplifier, averaged over a 
period of minuLes, is always very much lees than that coraputed 
from Eq. (0-101). This L» 1iceuus<; in iionual iiperutioii the <;.y- 
citation voltage varies from n maximum to zero, aa for example 
in the amplification of ^ecch or music where masimum output is 
obtained only at the highest sound levels. Therefore the a-c out- 
put varies frura a uiaxiniiim to zero, with the average value very 
much less than the maximum, while the iiipuL rcnmliis virtually 
conHtnnt, since does not vaiy anti /* vnriew only slightly ns the 
excitation is changed. The efficiency Is proportional to the output 
under such conditions, and the average efficiency will be only a 
few per cent. ^ 

The power loss ua the plate of a class A umpliner is a maximum 
when the excitation voltage uod output uru seru Since the puner 
input, Eilt, jg nearly constant in a class A iimplifiur regardirss of 
the magnitude of the e.*ccitatlon voltage and the plate loss Is egual 
to the difference between the power Input end the power output, 
the loss must increase as the excitation (and therefore the poner 
output) decnxtses, being equal to the power input when the exdta- 
tiun voltage is zero Thus the tube must bo capable uf dissipaticg 
a maximum rnimint of power equal to fith, 

Plate Efficiency. Pentode and Beam Tubes. The ffirogoitig 
ausilysra of the efficiency of class A amplifiers applies equally wrll 
whether triode, pentode, or beam tubes are used, but the efficiency 
of pentode and beam tubes is someivhat higher tliaii that of tnodes 
This is because Ihe zuiuinniin plate voltago in a pentode (or be.^m 
tube) is much lower than In a triode which makes A’, larger, thus 
innrcaaing the ratio of Eq. (9-l(W). This is illustrated by Figs 
9-f5 and 9-49 where the miiumum plate voltage of the trioile is 
117 while that of the pentode is 4Q Since Eh for both tuhos is 
250 volts, Ep for the triode is 0 707 (250 — 117) = 94 volts aud 
for the pentode 0.707 (2.50 — 40) = 11S,5 volts. A lower roiui- 
inum plate voltage is passible in pontodrs bec.ause the electrons arc 
drawn away from the cathode by the coiislcii(-po^«nhal screen grid, 
and the plate potential need be only sufficient to collect the elec- 
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1 , 1 -ons tha.fc pass flirotigh the screen, while the jjlatc of the triode 
must remain sufficiently positive to attract the necessary number 
of electrons away from the cathode. 

The plate efficiency of Uic'pentode ampiilicr of the example on 
page 335 is found froni Elq. (9-101) to be 
3 0!> 

rin.tedfi 0 ».,cy = ^ ^ ^ X 100 - 4(5% 

The over-nil efficiency is somewhat less due to the screen-grid loss. 
Adding Ec^Iri to Ehlk to obtain the total input, where = 250 
volts and Tej = 0,.5 nm, gives 

Plate efficiency =■ g X *0^ *“ 38.0% 

Push-pull Amplifiers. Most power amplifiers are now con- 
slmcted with two tubes in push-pull (Fig. 9*53) mid are operated 
class Ai, class As, class AB-, or clu-ss B;.' It is ol>vjoiiB that the 
emfs applied to 1ho grids of the tiiiins by the two liaives of the 



input transformer are of opposite polarity. One tube is, therefore, 
oiieiuting on the upper portion of its characteristic curve while 
the other is operating on the lower portion of its curve, or, in the 
case of class AB .and class B amplification, its plate current may 
even bo zero. In the output transformer Ti the alternating 
components are again combined avith proper polarity, and an 
amplified signal is delivered to the output terminals. 

The principal advantages of xmah-pull amplification, when the 

’ Soo footnote in Appendix A (p. 602) for tl» menning of tlic subscripts 
1 and 2. 
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two tubes have identiwil charactcriatirs, are: (1) The even har- 
monics are balanced out in the output circuit and thus a greater 
output may bo obtained without exceeding a given permissible dis- 
tortion; (2) hum voltugus introduced by Uiu plate-supply souree 
vill balance out; (3) d-c sntunitinn of the output, transformer is 
avoided, since the two tubes draw direct plate current through the 
two halves of the primary windiog in opposite directions ; and (4) 
no signal-frequunty component of current flows through the platn- 
supply source to produce feeri-hnclr problems. For these four 
reasons most power amplifiers and even many voltage amplifiers 
are constructed in push-pull- 



That the even liamionics balance out may be seen from Fig. 
9-54. Here the curves of Fig, 0-48 arc repreduecd for tube 1 and 
similar curves are drawn for tube 2 except that they arc displaced 
ISO deg since the grid voltage on tube 2 is 180 deg out of phase 
with that applied to tube 1. In Uie output transformer Ti of 
Fig. 9-C3 tlie two tube currents oppose each other in producing 
ampere turns in the primary winding. Thi.s means that, if the 
two tubes are exactly alike, the fundamental components of the 
two currents in Fig. 9-54 will produce additix-c magnetisation m 
the transformer core, but Ihe two eecond-harmonic components 
will cancel each other. If this analysis were carried to higher 
order harmonics, it ^vould be seen that all even harmonics would 
produce 2 ero net magnetization of the transformer core while nil 
odd harmonics would be adcUtive. 
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It is of interest to note that in the common return for tlie plate 
current of the two tubes, through the d-c source Ki, all e^’'en liar- 
monies of the currents in the two tubes are additi\’e but all ockl 
harmonics cancel out. 

Class A Push-pull AmpUfier Performance.' It might at first 
be supposed that each tube of Fig. 9-53 is working into a load re- 
sistance equal to the resist.MiCE of the output circuit times the 
square of the turn ratio between one-Iialf of the primary and the 
secondary, but tliis neglects the reaction of the other tube. The 
situation may be made clear by reference to Fig. 9-55 which shows 
two alternalovE supplying a load tlirough a mid-lajipccl trans- 



Fia. 9-65. lUastrating tbc action of a pusit-pull amnliRor by moans of 
two nltornotors supplj'big .■> single load lurouRti a mld-tappccl triuisformcr. 

former. The two nltemalors have equal voltages and arc osnctly 
in phase considering the series circuit; they are therefore oquiyalejil 
to the two tubc.s of the push-pull amplifier. Suppose that the 
terminal voltage of each alternator is 1100 volts and that tho 
transformer is 2200/1100 to 110 t'olts and tiiat Ri. is U ohms. 
If switch S is open so that alternator 2 is disconnected, the second- 
ary load current will be 10 amp and the current through nllernator 
1 will be 1 amp, Tlie effective primary resistance presented to 
alternator 1 will be 1100/1 = 1100 ohnm, which is X Rl, 

where iVi is the numljcr of turns in the upper half of the primary 
and Ni, is tlie number of turns in the secondary. The power de- 
livered will be 1100 X I = 1100 watts, which is of course equal to 
the power absorbed in R^. 

Now suppose the switch jS to be closed. The secondary emf 
will obviously be Um same as before; and therefore the secondary 

* f5eo also B. J. Thompeon, Graphical Deternunation of Performance of 
PuBh-pull Audio Amplifiers, Proe. IRE, 21, p. 591, April, 1933; and Albert 
Preiainan, Balanced AmpILGers, CommunicaHon ani Broailcasl Eng., 3, 
P. 12. February, 1036. 
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current will remain at 10 lunp, and the total poa-er output at 
1100 watts. No current will flow through the niKidlc wire on the 
prunary side, however, so that the primary current mvist flow 
throiigh the two nltcrnalurB in scries, having a magnitude of 0 5 
amp. The total power delimred will remain tiic same as before 
switch S was closed, viz, 1100 watts, anti each alternator will 
deliver half, or 550 watts In otlier words, connecting the second 
alternator into the circuit wdiicccl the power demanded of al- 
ternator 1 but did not affect the load at all The effective primary 
Tc.sistancft between outside leads is uow 2200/0 0 = 4400 oliiiii, or 
that across tho terminals of one alternator is 2200 ohms, twice the 
resistance presented when only one atternatOT was in operation. 
'ItiiB rise in tlic effective resistance ncross the tenninulB of ol- 


ternafor 1 results from the reofi- 

♦ ^ I t*on produced by alternator 2 

^ bjn through the xoutual induction he* 

tween the two halves of the primarj' 
I ^ mnding. If the two alternators an 

7'^ to produce twice the power output 

I ■ I of tlic one, it is evidently nercssao’ 

Flo 0 -M *'■“ ‘I® '0“<J rtsfebBUM useil with 

of A pusb-pull utnplifler. Trans- the two alteruAtois be but half that 
lormpr^at^^ - Ni/lfi. - 1 ... 

The equivalent circuit of a push- 
pull amplifier la shown in Fig. 9-56 where tho ratio of total pri- 
mary to secondary turns is aesumed to he. 2; ic., if one lube is 
removed, the other will wnrlc Into a load of R,. through a I;! 
transformer. Applying the results (ff the preceding paragraph, 
ifc is evident that, for double the power output of one tube to be 
obtained, the lo.id resistance Ri. must be half that used with only 
one tube coupled through its half of the primary winding Ac- 
tually it may be made even lower with triodes, such that e-ifh 
tube will work into an impedanee of npprorimately r„ instead of 
2r, as in tie sicgle-tubo amplifier. That this k pof^Ribfc irilhout 
excessive duUirtion may be seen from the graphical analysis pre- 
sented in the following section. 

Compo^te Characteristic Curves. The operating characteristics 
of pusli-pull amplifiers may be detennined graphically’ front the 
characteri-stic curves of the tubes in iiiach the same manner us 


Tor a 


Complete ^sensainn of tliia method, see Thompson, Ic 
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for the single-tube amplifier. The characteristic curves of both 
tubes must bo obtained and plotted as in Fig. 9-57 with those of 
one tube inverted. The curves must be so plotted that tlie norinii,! 



l>Iate voltage — in this case 250 volts— coincides foj' the two ciiar- 
actenstics. It is tlien possible to plot composite characteristic 
curves for llie t,\vo tubes acting in series across the total primaiy 
u’inding. This is done for the luimal grid-hias curves — ^in the 
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problem at hand — 50 volts — by merely adding the two tube cur- 
rcntH filKf4inin;ally, which wiD give the net current producing inag- 
retizatinn in the t.'orc of tlKs traDHConiiur. For oilier grid voltages 
it 13 necessary to combine curves tlint arc eciiiully above and below 
the normal grid bias, since the two tubes operate with opposite 
polarity of alternating input voltage on their grids. For example, 
the ciirvii for — 4U volts (10 volts above tho normal bins) on tiibcl 
is combined with that for — fiO volts (10 volts below the normal 
bias) for tube 2 If the characteristics of the two tubes are similar, 
the composite curves mil be virtu.slly straight lines and there will 
tluirefore he but littlo distortion.* 

These compn-sitc curves rrproseut the chaructcrietics of ancqiiiv- 
alent tube which, if used in place of one of the two push-pull tubes 
vith the other removed, would produce the same distortion and 
output as are produced by the actual push-pull amplifier The 
plate reeustiuirr rp„^ of Uiis composite tiilm may be dntennined by 
measuring the slopo of the curv'cs, being about 1020 ohms, or a 
little more than half that of the actual tubes. 

Theoretical Determination of the Correct Load Resistance for 
Push-pull Amplifiers. Tttr jKisli-piill utniilifiers the tlieorotically 
rorrcct load resiataocc is /2t. « not an for singlo- 

tube amplifiers. To demonstrate this we may follow the same 
method of approach used with Fig. 0-42, page 324, drawing the 
theoretical straight-lino cliaractcristic curves of Fig. 0-58 for the 
v.qmvalent tulin to be usvil in plaw of t.ubc I, Fig. tt-St, with tube 2 
riirnovcd. Here operation is along a load line EDE' which Las 
for its limits two parallel tinea, OB and O'B', instead of two inter- 
secting lines as in the single-tube construction of Pig. 9-42 

We may now apply Eija. (9-77) to (9-79), page 324), to the 
cciuivulcnt tube of the pnsh-pnll amplifier. In thw equivalent 
tuhf! = OAAIB = OA/Ipm (not OA/2/,*, as in the singlR-tule 
amplifier) which means that Eq. (9-79) becomes, for the push-pull 
amplifier, 


E„„ = B* - (9-105) 

• NntP th.at the nnlid curves of Fig 9-fi7, obtsined in this manner, repre- 
sent the equivaleut of a constant Rrid voltage but a varying potential 

botw eea the nticdca of the ta o tubes such that the average anode potentinl 
nf the tivo is at all times equal to Bt 
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Substituting this equation into Eq. (9-78) and solving for /p,„ gives 




Ei 


(9-1 06) 


Wiien this equation is substituted into Eq. (9-77), the result is 


P 


Et’Ri. 

mL+r^^r- 


(9-107) 


This equation maj' now bo dUTcrentiated with respect to Rl and 
the result set equal to ssero to give 


(9-108)* 


This is in contrast to the single-tube amplifier where maximum 
riiidistorted power output \^■as obtained wlieu lit. “ Sr^. 



Fki. 9-58. Theoretical Btraight-lii>e ehamclertstic curve!! for a push-puli 
amplifier, 


Graphical Solution of Push-puU Amplifier Performance. A 
graphical solution of the performance of the push-pull amplifier 
may be obtained by foHowing the same procedum ns tvas followed 
for the single-tube amplifier. Load lines may be dravm exactly 
as Avos done for the single-tube amplifier, the one shown in Fig, 
9-r>7 being for the optimum resistance of 7?* = r^,,, or 1020 ohms, 
across a secondary having the same number of turns as one-half 
the primary, to give a load resistance of 1020 ohms across the 
terminals of the equivalent tube. The platc-to-platc load I'csi.st- 
ance of the actual push-puli amplifier will he four times this 
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iimount, or 40SO ohms, fw Ihiit the load rrawtanen par tube is 2040 
uhraa. Half this resistance, as already pointed out, is clue to the 
reaetioii of the J020'ohm load, and Iialf to tlie effect of the other 
tube acting through the mutual inductance of the transformer 
wmiiings. 

Tlie power output may be dctcrminocl by applying Erj (tl-lOSj) 
to th<! rqiuvalcnt Lube. For ^ it mx ^ O.Oflo, n„„ = 
—0 093, Is = 0 051, jj = —0.061, and Ita = 0 Using thc.se 
values in Eq, (9-105g) gives P = 4.4 watts, nearly three times, 
rather tlwri twice, the maviiinuin power for the single tube as com- 
puted on page 333, This greater power output is clue to the use 
of a resistance nppio*dtttately equal to r, across each tube instead 
of 2r, ‘ 

The foregoing discussion of push-pull, class A aniph/iers b&s 
been coiifioed to triode tubes, but pentodes uiid beam tubes are 
aUiu Widely used in push-pull. Tlio perfuniuince ciC un amplifier 
using peatudu or beam tubus may be delcrmi^nd in the eamo 
inuiiiior UN tliiit of u Irnide tim|ili(i<rr, although, siiiuc the oven har- 
monic.-i am nunrly nonexistent In properly designed, single-tulw 
pentode amplifiers, tho use of a push-pull circuit doe.s not result in 
so great an improvement in perfoimance as with triodos. Never- 
theless the reduction in hum, tho elimination of transformer satu- 
ration. and other factors ptoxnde sufficient improxt-ment In 
performance to make the push-pull circuit attractive for pentode 
tubes 

Class B Push-pnil Amplifier.* Two lubes operating push-pul, 
class B, may be made to operate virtually ns a class A amplifier, 
procluciiig an output voltage reasonably proportional to the input 
Vollage at all frequencies within the band for whieii the amplifier 

‘ This output is rearly twice the output of 2 3 watts computed for one of 
thMe tuhes worUnj; into s load re^atanceof willi E,„ = E, anti aisaniin? 
no dislorlioH If uu dislortivn were preaeiit here out! if "ore evantly 
half the Ty of each individual tube, tho output would bo exaiiUy twicft 2 3. 

•See also Loy B D.srton, IIi{^ Audio Power from RcfatlvcJy Small 
Tubes, Pros. 7R/i, 19, p 1131, July, 1931; Application of the Class B Audio 
Amplifier to A-e Oper.ated Receivers, I’roc lEE, SO, p 10S5, July, 1932, 
Hueenl Uevelopnierts of the Class B Audio- and Radio-frequency Ampli- 
fiera, Proc. IHE, 24, p 985, July, 1936; J. R. 'Nclsoii, Clas^ B AxnpliH*'® 
Considered from the Conventional Class A Standpoint, Proc. IRE, 21, 
p y5S, June, 1933, True IklcLean, An Analysis of Distortion in Class B 
Audio Anplifiers, Proc IRE, 24. p 487, March, 1933; Glenn iCoehter, Class 
B and AB Audio Amplifiers, flecfronics, 9. p H, rebru.ar3’, 1933. 
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is designed. Tlie cii-ciiit used 5s exactJj' the snme. as that for the 
dass A aiiiplifier (Fig. 9-53), but tlie tubes are biased approxi- 
mately to eiitoff. 

1'lie operation of a class. B pusli-pull aroplirier mnj' be best ex- 
plained by reforenee to Fig. 9-59. Hcrc tlic dynamio oharacter- 
istios of the Iavo tribes are plotled back to back in such a manner 
that the grid-bias voltages for the two tnljcs coincide at the jjoint. 
p. Consequently (die excilation voltage may Ikj sliowji as a sine 
wave superimposed upon a vertical line i>as-siog through (he point 
p. Ill this way the cuvrenl. flowing in (die plate circuit of either 



7ia. I}-Ad. liidiviclufl) aii<l cnmiiosilo (lyiiiiiniu i:linrA<aci'i&tio curves of 
two lubes oparulitig in pusli-piil), cl.ass 13. 

tube at any given instant of time may be determined iiy projecting 
a vertical line upward from the value of the inatantaneous voltage, 
as given by tlie sine wave, until it intensects the characteristic 
emves of the tubes. Evidently only one tube ii'ill be eunyiiig 
current at any given time except for Idic short interval xy, wiicrc 
the net current flowing, so far as magnetisation of the triinsformer 
core is concerned, will be tlie difference and, therefore, lie repre- 
sented by the dotted line. It will be observed thal. this dotted 
line together with tlie characteristic ouives lying outside (.he xy 
region constitutes a nearly straigbf, line which is more than twice 
as long a.s the slraightdine portion of the characteristic curve of 
either tube alone. It will also be obsen’cd that the correct giid 
bias is llmt at which the plafo current in each tube ivoiikl become 
zero if the substantially straight portion of its cuiwe were projected 
to llio zero line. 
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If the theoretically Rtraighl line of Fig. 9*59 could be exactly 
obtained in prnctifte, eia'ss 11 push'pull Minplifiere n'ould £117* dis- 
tortionless amplification, but such a condition h ditficult of attain- 
ment. In the first place, the charactemtic curves of each individual 
lubo are not struight, even at the higher plate currents, so that 
the emapoaile curve tends to be slightly S-shsped. Furthenaore, 
any alight variation iu the grid bias or plate voltage is equivalent 
to sliding the t\TO cliaracteristii} cim'es relative to one another. 
If this change is m the nature of nn increase in the negative grid 
bias or a decrease in the plate voltage, the curves oi Fig. 9-59 will 



Fia. 0-00 Showing the effect on the pcrfnrmanpe of a clasa B pusL-p^H 
amplifier of a bias that is too negntire. 

appear as in Fig. 9-00 where the resulting dynamic curve b far 
from straight, and serious distortkin will result. It is, therefore, 
evident that a very coiisUint source of iliroot potentials must be 
provided or liigb-mu tubes, designed for operation with sero bias, 
must be used. 

£Bect of Driving Grid Positive. Tl»e maximum capacity of the 
class B push-pull amplifier is realized only when the grid is swung 
over into the positive region.* Ibis, of course, means grid-current 
flow and, as we have already seeu, a teudeuoy toward distnrtiou 
This distortion is caused, however, not by the laero lact that grid 
current flows but becauw the grid current in the average tube 

*Witli xeio-bias tubes there could, of OMrSC, be no output without 
operation in the poaitIvc-srSd region- 
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does not varj' in direct proportion to the applied potential; i.c., 
the input impedance varies throughout the cycle.* This change 
in mpedanoe causes a much, higher drop through the iu]rat or 
driver circoiit at certain times in the c^’de tlian at othei'S, thus pro- 
ducing distortion. Tlte distortion may, thcrcfoi'e, be made very 
small by either (1 ) using a low-impedance driver, so that the drop 
will be almost negligible, or (2) maintaining the input impedance 
to the class B stage rcasojuibly constant tiiroughont the cycle so 
that the drop will be directly proportional (o the applied signal. 

A iow-impedance driver is generallj'^ secured by using a stopdown 
transformer bctu’cen the preceding, or driving, tube and the grids 
of the class B .stage. The plate resistance of the dih'cr tlibc, as 
seen from the Eocondarj' side of t.he tmnsformor, is thcrcrorc low. 
Another way of statii^ this is that the load impedance on the 
driving tube is made quite high through the action of the tnms- 
formor which steps up tho input resistance of the class B sUvgo ns 
seen from the driver, or input, side of tlw irnnsfomior. By com- 
bining Eqa. (3-20) and (3-21) (pages 03 and 04), we may uTito 

K - -cB. (8-109) 

which shows that the driver plate voltage (and, therefore, tho grid 
voltage of the succeeding clas.s B sUigc) is rciath'ely independent 
of variations in Ri so long as R,. is large compared to r,, Of 
course, the power capacity of tlie driv'er stage is roduced when fflj. 
is larger than r„, but the power demand, nlthoiigli greater than 
that of a class Ai stage, is not large. 'Hk*. distortion in the driver 
stage is also reduced by an increase in Jiv (if a triode is used) as 
shown by the curve of Fig. 9-44. 

Tubes designed for zero grid bias tend to have a reasonably 
constant input impedance. The dynamic curves of a pair of such 
tubes are shown in Fig. 9-61 where aero grid potential is the com- 
mon point p. Whilo these tubes draw grid current tlu-ougliout 
the entire positive lialf cycle of the signal voltage, the grid-cuiTent- 
grid-voltage curve is linear up to a fiurly high positive grid potential 
as shown in Fig, 9-61 . This means that the input impedance to u 
pair of these tubes in push-pull is practically constant throughout 
the region uv, and the distaiidou resulting from grid-current flow 

’ Sec also the discussion on p. 318 in eonncction with Fig, 9-S7. 



352 


AUDIO-FItEQVENCT AUl'UflEKS 


ICuAP. 3 


is very small so long as tl)e orrst voltie of tlw excitation voltage 
does not c-vcced up {or pt). 

As previously stated, tl»e power required to drive this type of 
amplifier is somewhat greater than that i«ntireri by class Ai ampli- 
fiers where the input impedance is extremely high (grid current 
practically zero). Consefjxicnlly tlie driver stage (the amplifier 
that supplies thu exmlatiuii vollagtO must have suiHcient poii-er 
capacity to haniUe tliifi Inghor dcmanil. 'I’he driving pmver docps- 
enry for tuhea of n given typo is usitnlly given in lulw handbooks 
or may he determined from tlie tub(ScUameteristi<i curves, and the 
driver stage must bo designed to deliver thi-* power plus any losses 
in tho coupling network. 



Class AB Pdsh'pull AmpliSer. Tho. class AB uici>liLer operates 
witli a biiiB Bomcwherc between that required for clufsa A and that 
required for ela.ss R amplification. Thus it is leas subject than 
the class D amplifier to increased distortion with changes in direct 
voltage supply, while possessing much of the increased power 
capacity of the class B, and is probably more widely used for 
powex’-amplification purposes than are either class A or ela.ss B 
amplifiers. As in the ease of doss B {uiiplifiers the grid.s of tho 
tubes are ordinarily driven somoirhat punitive to secure the roasi- 
mutn. power output 

Deteimlnation of Class B and AB Push-pull Amplifier Perfonn- 
ance. The iJerfontiaiicn of class B ami AB, push-pull amplifiers 
may be determined in exactly the some manner ns for class A 
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amplifiers.^ Figure 9-62 slion's a set of cun’-cs for a pair of tubes 
operalbig a'ith a (iS-voJl negative bias and 250 vnlls on the plate. 
The composite curves arc drawn in the manner iilieady dcscril)ed 



Flo. O-CZ. ConatMiclioii for detennining the opernting clini’jiolciislics 
01 two lubes in pusli-pull, class B. 

in connection vvith Fig. 9-57, and load lines may be drawn for any 
desired resistaiiee. The one shown ia for 4080 ohms, plate to 

' B, J, Thompson, Grnpliical Determination of rorformance of Push-pull 
Audio AmpUfiers, Praz. TRE, 21, p. 501, April, 10S3. 
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plate. The perfoimance may be determined in the same manner 
as for the class A amplifier, but the normal range of operation 
extends over into the positive grid region.^ 

Plate ESIciency of Pusb-puU Amplifiers. The plate efliclvnu/ 
of ulnSK A |iush-piill ainpliiierB is elightiy liigiier than that of single- 
tribe amplifiers (sc« page 338). TIms peusoii for tins is that a 
smalJcr minimum plate emrent is permis-siblc duo to cancellation 
of the even harmonies. Thus operating conditions are a little 
nearer the theoretical maximum given on page 339. 

Class B pusli-pull amplifiers have a much higlier efficiency, 
generally of the order of CO to 05 per cent , class AB ampfifiers have 
an efficiency lying between tliut of class A aud class B amplifiers, 



Fra tVave shape i>f Ow plate eurtcut iu a class U amplifier with 

Idealised cbacoctenaUc. 

probably not to exceed nbuiil 50 to 5.5 per cent and in many cases 
soineivliat lonur. 

iVs pulaled out on 340, the efficiency ■when using pentode 
tubes 13 a little higher than when using triodea, although the 
improvement in the case of class B amplifiers is less than for class 
A amplifiers. 

The TTiKsiTccatn -Ibecnelksil eSEteacncy efi a cla^a "B tanpliftw isis.y 
be found by assuming the dynamic characteristic to be a straight 
line. By the definition of a class B amplifier (Appendix A) the 
plate current will then consist of half sine-wavo pulses (Fig. 9-t)3). 

‘ An e-rcellent method of analyziiu; elaes Jf amplifiers is that given by 
VV. C*. WaBBuer, Sirnpbfied Methods for Computing Peiformauce of Tmna- 
mittiog Tubes, Pree. IRE, 2S, p. 47, January, 1937. 
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Analyzing (-liis plate-current wave by the inetbocl of Appendix C 
gi\’es, for n sine waA’e 6f impreascd voltage, 
ii = 0.3I8r« + 0.5/„ sin ut - 0.212r„ cos 2«f -f • • • (9-1 10) 

where /m is the peak vnlwo of the platc-iairrcnt pulse as indicated 
in Fig. 9-03. From Eq. (9-110) \ve may write 

0.5J„ 

h = 0.31 S/„ and Ip = 


where Ip is the rms value of the fundamental component, of the 
plate ourrent. 

The plate voltage in a properly designed class B push-pull ampli- 
fier is essentially sintJsoidal, nnd (he maximum theoretical alter- 
nating plate volt age is given by 


= Et 


or 


Ep 


- V2 


which corresponds to the assumptions made in dolertniniiig the 
maximum theoretical plnta cfficicnci’ of the triode (page 338). 

Using tlie foregoing relations the maximum theoretical plate 
efficiency may bo written fiom ISq. (9-104) (page 338) as 

Max tlioorotical plate efficiency = “ 78.5% 

The crest value of the plate voltage of a pruetka! class B amplifier 
is a greater percentage of Ei, than is that, of a class A amplifier, 
but it can never reach Eh (i.c., < Eh). The maximum effi- 

ciency of a practical amplifier is therefore less than 78.5 per cent,, 
being about CO to 05 per cent. 

The average efficiency of a cla&s B araplitier i.s much closer to 
the maximum than is that of a class A amplifier. Tills is because 
the input power as well a-s the output varies with the excitation 
voltage. If both were directly proporUonal to the excitation, the 
efficiency would be constant for all values of signal voltage but, 
owing to the curvature of (he oharacterisUc curves, the ininit 
power decreases less rapidly than the output at low signal voltages, 
being somewhat greater than stero at zero excitation. 'J?lie average 
efficiency of cla.ss AR amplifiers is appreciably less than that of class 
B amplifiers since the no-s^nal plate current is higher. 

Phase-inverting Tube to Drive a Push-pull Amplifier. Although 
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push-puH amplifiers may be drl\*Dn through an input transformer 
as in Fig. 9-53, it is usually preferable to tlrive them hy a resistance- 
coupled amplifier and phase-inTcrting tube to obtain the better 
frequency rEspon-so and lower initial coht of a resistance-coupled 
amplifier. A commonly used circuit of this type is shosm in Fig, 
0-G4- Tubes 3 and 4 ate the push-pull amplifier tubes which are 
coupled to the output circuit in tlw usual manner through trans- 
furmer T. Tliu input signal is upplicd tu tho grid of tube 1, und 
the output of this tube driv’cs the grid of tube 3 throiigli the usual 
reaUtance-coupled network. A portion of this output voltage b 
taken off to drive the grid of tube 2, and the output of thU tube 
in turn drives the grid of tho other pusli-pull amplifier tube 4, 
Binco the plate voltuBO of a vacuum-tube nmplifier with rcabtuncc 
load is out of phase with the grid voltage by ISO deg, it is evident 
thot the grids of tubes 3 and 4 arc e-xcited m phase oppo'^idon, as 
they should bo for push-pull operation. It i$ further evident that 



Fic. 9 S-l. Circuit of a rrsistance-ooupled amplifier aud pfiase inverter, 
driving a push-pull amplifier. 


the output voltage of tube 2 should be equal to that of tube 1; 
therefore, the reduction in voUugu thruugii the resistances ffj and 
Iti should be just suIlIciiiDl to offset Hio gain of tube 2 

Figure O-O.'i shows another commonly used circuit wherein a 
resistor in series with the cathode of tube 1 b used to provide tlie 
excitation for the second tube of the puBh-pull amplifier. Since 
the same alternating current flows through both lit and Rt' 
(being the plate current of tulie 1) the only requirement for secur- 
ing equal voltages on the grids of tubes 2 and 3 is that the two 
resistances be equal The voltage across !?• is also applied to the 
grid of tube!, producing DegatiTO feedback (gee material beginring 
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on page 361) and i-csulling in an over-alt gain for tube 1 of slightly 
loss than t\\o. 

A number of other eireiiite are used for |)liase inversion but the 
two presented hei'e are typical.’ 



rto. O-OS. Phnse inverter usioR a catltotlo resistor. 


Relative Advantages of Class B and AB AmpIifieTS and Class A 
Amplifiers, n'ho principal advant.agc of dass H and class A13 
amplifiers over class A amplifiers lies in Ihoir increased power 
capacity and their higlicr tiverago cfficicncj’. Tlie inoreasotl po^ve^ 
enpaeitj' is duo largely to the Itighcr efficiency obtainable t\'hich 
permits more power output without ovcrhciitiiig of the tubes. 
Since distortion, rather than ovcrlic.Tting, may impose the limit on 
output, incieased capacity may also he due to the grealor per- 
missible plalc-cuiTont swing or to the larger cxeiLaltoii voltage 
which may be applied 1>ccause of the higher bias used. 

A principal dtsadvnnhtgc of class B and ATI amplifiers over class 
A amplifiers is that the distortion produced at normal output is 
higlier. Thus class A push-pull nmpHfiors a>-e sometimes used as 
pmrer amplifiers where Irigh qualitj' is desired, wlicreus class AB 
amplifiers are used in most applications. 

Frequency Distortion in Power Amplifiers. All reference to dis- 
tortion in the preceding sections on power amplifiers lias been with 
re,spcct to amplitude distortion, as this is the type most likely to 
appear in power amplifiers. Frequency distortion may also be 
present to some degree for the same general reasons ns were pre- 
sented under voltage amplifiers; i.c., the siumting elTeet of i.he 
interelcctrode capacitances of the tub(» and tbo vnriaf.ions with 
frequency of the impedances of the cii-cuit elements. Since vir- 

* Other circuits nro given by Myron S. Wheclct, An Analysis of Three 
SeH-biiInncinis Thaai; Inverters, Proc. IRE, 34, p. 07P, Febrimry, IflJO. 
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tually all poiror amplifiers a*e transformer-coupled to the load, flie 
circuit In be, analyaed is that of Fig. 9-19, page 293, except that a 
resistance Rl = /?,/«* must ho connented across the [erminals (?h.' 
♦ o represent the load R, of Fig. 9-39 (where n is the turns ratio of 



(b) Mid frequency 



(cl Hiqh frequency 



(d) Low frequency 


Fla 0-06. I^qulvalcnt cirrtiita of a traitsformer-coiiplrd poc’er nrojilifier. 

se.v.owlary to primary swid is vsuaUy less than viwity^.* TliU lo- 
ei^ance is normally very mu^ loss than the reactance of Ct at 
any frequency for which the gain of tiro amplifier Ls reasorudjly 
clii.'TO to the ttiid-frequcniy gatn. and Cr may be omitted. Thus 

‘ tVhile this snalyiis is applied to a langle-tulx! amplifier, it may sb® he 
applied to a push-pull amplifier l>y rcplaang the push-pull circuit with tisit 
sf the equivalsob tube refened to on 3t0. 
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the equivalent circuit corres]jonding lo Fig. 9-106 is shown in Fig. 
943G(7, nnth the mid-, higlv-, and low-frcquoncy cii-cuits sho\\n in 
6, c, and d, respectively. 

Tiio mid-frequency gain may be readily found from Fig. 9-6()6 
by first writing the j-atio 


E./w ^ 

— Tp Rt Rt. 


(9-111) 


A„ = 


E. r, + jS +E;,- 
Siinilnviy the h-f gain may bo found from Fig. 9-(5Cc by \vriting 

■ (?;+ K. + jx'j+a. 

where X, = wZi,. Wo may nou’ write from Eq. (0-113), 

. E. ij,. 1 


Bt 


/18P° 


(9-n2)*’ 




57+72. + B,.)* 




For tlie l-f response the cireuit of Fig. 9-OCd rony l.)c simplified 
by applying Tfagvenin’s Uicorem U> that part of the circuit lying 



Fi«. 9-G7. Simplificntioii of the drenit of Fig. 9-6Grf by moons of 
TliGvonin’s theorem. 


to the left of Rt, to obtain tbc circuit of Fig. 9-07. We m.ay write 
the ratio . 


E./7t 


-(fixH 




(9-116) 
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where A', = aiZ/j. Gr^uation ^116) may bn ^n^^ritten as 


Ep XfiTr + Rc + Rl) — jrp(Ri + Hr!) 

This may he rearranged and changed to polar form to give 


(0-116) 




,iR. -I- Rl) 


, + R. + Hl)X, 

10- + tan- . 

^ (r, + /g. d- Rl)X. 


eVix: 


Equation (9«117) gives results that are sJIghtly in error if the 
resistance of the transformer windings is appreciable compared to 
Ty sad Rl, From Iho circuits of Figs. &-]S and 9'i9 it may be 
Been tluil Ra is madei up irf Itm mosliutcc of tiie primary, E|, und 
tho cfFootivft rosi<!tanec of tho secondary, R)/n', and that Ri aetu- 
fllly should be in senes with r, in Fig. 9-C(kf while the senes resist- 
ance to the right of Lp should be Ht/n*. cot H,. The effect of this 
correction on Gq (U-117) is to increase r, to and to replace 

Rt with Ri/n^. Itlakmg Ihcsr. changns gives, for the 1-f gain 






(rp -b + i?s/n')T 

(r, + a + J 

r, + RiXRi 4- R>/n>) 
(r,-hR.-fHi)Xp^ ' 


E<iualions (9-114) and (9-118) are seen to coneist of the mid- 
frrqiicni'.y g.am of Eq. (9-1 J2) multiplied by a factor tiiat is a func- 
tion of the frequency and wjtit a pha.'ie angle equal to the 18t)-deg 
phase reversal at mid-frequency minus or plus an additional phase 
shift. If desired, Eqs (9-112), (9-114), and (9-118) may he com- 
bined into a Biugle equation as was done in Eq. (9-72), page 299. 

In usiiig these cqnationn it mist he Teralled that the h-f factor 
applies only when the assumption is valid that Ri is sufficiently 
small to maUc the effect of the tranaformer anti tube capacitances, 
Cr, negligible. Since this is the normal condition, the equation h 
useful, but care should bo taken not to extend its application to 
special eases where it does not a^^ly. 
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It is of interest to note that the masinnjm phase slhft from mid- 
frequency to Jjigli frequencies is 90 deg, not 380 deg as in 
Eq, (fl-68), and that there is no indication of a resonant rise in 
Toltage as in t)ie latter equation. Iliis is due to tlic ^dl•LuaI elimi- 
nation of Ct by the simnting effect of Ri,, this amplifier being an 
exaggerated case of the resistance-loaded amplifier described on 
page 302. 

3. FEED-BACK AMPLIFIERS’ 

'Wlien a large fraction of the output voUage of an amplifier i.s 
fed back into the input cir<niit in sucli a piin.se as to oppose the 
impressed signal, the gain of tlie amplifier becomes siibstantiallj’ 
independent of n, an<l p* and of the direct electrode voltages, 
tlie frequencj’-i'csponsc range is considerably increased at both the 
lower and the upper ends, ampliiude distortion is materially re- 
duced, and the olTects of tube noise and hum voltages are deoi’cusccl. 
Thus most high-quality amplifiers today arc built with negative or 
reiifirsed feedback, 



Fig. 9-C8. IIliiKlral.iiig the j^rinciplc of feed-back uiitplificr opci'ntion. 


Analysis of Feed-back Amplifiers. The feed-back principle is 
illustrated in ]'’ig. 9-68. The input of an amplifier having a gain A 
is supplied with a signal voltage E, and with a portion ^Eo of its 
own output voltage, wliere the (') mark in Ej denotes oul.put 
voltage under feed-back conditions as distinguislicd from the no- 
feed-hack voltage Eo. Note that @ is a complex number indicating 

’ For a more dclailocl analj^iB than is presentod hero, see II. S. Black, 
Stabilized Feedback .Amplifiera, Bell System Tech. 13, p. 1, January, 
1934; or Elec. Eng., GS, p. 114, Janoery, 1934. Also see li, Nyquist, Ro- 
geuetalion Theory, Bell System Tech. J., 11, p. 120, January, 1932, 
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that the feed-hack ciicwit may alter the phase as well as the magni- 
tude of the voltage fed back. 

Tho no-feed-baok gain A of an amplifier is eQual to the ratio of 
the volUige appearing across tho output lenRiiialg uC tlic ampliheT 
to the voltage irnpr««e(l urrtris the input fcrmiiinlg not including 
the feed-back circuit. From Fig. 9-CS this may be written 

A = I? (9-119) 


Of more interest is the ratio of output voltage to total input voltage 
which we will dehno as the gam of the amplifier mth feedback, 
A'. From Fig. 9-G8 the total input voltage may be written E. = 
Ec — [jEo: therefore, liic over-all gain of the amplifier with feed- 
back 18 


A' « I2 - e; 

E. eT 


( 0 . 120 ) 


If both numerator and denominator of Eq. (0-120) arc divided by 
E^, and Ee^Ej is replaced by A from Eq- (S-llO), the reaiiH is 


A' 


A 

- A? 


For the sake of simplicity let us consider a single-stage, resist- 
ance<oupled amplifier operating in the mid-frequency region, and 
a feed-back network that is purely resistive. Under these contli- 
tioiis A will be a negative niunixir and g a positive one, the pha'V 
imglr of oneb being zero. The denominator of Rq. (9-121) ^nU, 
therefore, be larger than unity regardless of how large or how small 
P may be; therefore, the gain with feedback is less than tlie gain 
without feedback. AmpUliers cNhihitiug tliis characteristic are 
commonly known ns negative feed-back amplifiers. 

A valuable feature of the negative feed-back amplifier is that its 
gain may be made virtually independent of variations in tube 
characteristics or supply voltnge. This may lie seen from Eq 
(9-121) by noting that if A5 1, A' may bo written 


A' = — ^ (approx) (9-122)* 

being independent of the no-feed-back gain A. Thus the gain with 
fee.dback its independent of all faetois that affect A, such os varia- 
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tions in supply volfn^fts and of changes in tube coefficients due to 
tube replncRmcnls. This is a Tcry valuable fcntui'e in liiboratoi-j’- 
irvsfxiiments ubcfc permanency of calibration is desirable, or in 
multistage amplifici'S as, for example, in long-distance telephone 
circuits Avliere oven u small change in the gain of each of sovei'al 
amplifier t.ubes would produce an excessive change in o\'er'ail gain. 

Feedback also roulerialiy reduces amplitude distortion and tlic 
effect, of noise and hum wltages in the output of an amplifier.’ 
Since distortion is a huiction of t-lie output voltage, we may u'rite 
for the amijlifier withorrt feedback 

D=/(Eo) (9-123) 

where D is the distortion voltage in tlio plate circuit with no 
feedback.* 

Undci’ foed-baok conditions the total distortion voltego appear- 
ing in the plate circuit will be the stmt of tlte distortion voltage 
inti'oduood by tlio tube and that tvhich has been fed back and 
amplified, or 


D' = f{E'») + A(JD' 

(9-124) 

Solving this equatiou for D' gives 


1 - Aff 

(9*125) 

Under the conditions that the output voltage of the amplifier with 
feedback is the same ns the output without fccdljuck (whicli mouns 
that the signal voltage on f.ho grid is much higher wntii fccdbiick 

than without) we may write 


D' 1 


I> “ 1 — A0 

(9-12G)* 


which shows that, for the same output, feedback -will reduce the 
distortion Ijy an amount dependent on the feed-back factor g. 


‘ See also P, E. Tcrman, Fceilbsick Amplifier DoMigii, Eleclronics, 10, 
p. 12, .lamiary, 1937; and OcolTn^ Builder, Tl«u KfToot of Nogiitivo Feed- 
back on I’ower Supply Hum in Audio-frequency .^inplifieis, Ptoi-.. Ilili, 
34. pi>. 140W-M4W, Msodi, 1946. 

' D may also include voltages due to bum or tube iioisc! introduced in the 
tube under considoratiur. 
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Tlie juerease m signal voltage required with feedback, to main- 
tain tlio same output voltage ^ withcnit feedback, may he found 
by first rewriting Kq (0-121 ) ns 


A' I 
A “ I - Ag 


{B-127) 


If the output voltage is to bo the some with nr without feedback, 
then Efl = Eo or A'Ej — AE», which may be written E^/E. = 
A/ A'. Substituting the relatioa of Eq (0-127), we fuid 

g - ) - Af (9-12S)* 


or the signal voltage must be increased by a factor equal to the 
magnitude of 1 *- A[). 

In designing a lugh-hdeliby umplirier the cost uf providing this 
inornasf! in excitation required with fceilback Is atnalL compared 
with the improvement in quality obtained, since additional stages 
of voltage ampUGcation are easily added to provide the necessary 
driving voltage '■ 

Effect of Feedback on the Fxeqaency Response of an Amplifier. 
The improvement in frequency response that fcerlhaek will effect 
is evident from Eqs. (0-121 ) and (0-122), since frequency dlatortSon 
13 due to a variation, with frequency, of the no-feed-back gain A 
If lilq (9-122) is even approximately true, it would appear that an 
amplifier should give substantially linear response no matter uhat 
type of load iuipedaiipe might be used or what frecjiicEiy might be 
impressed. 

Unfortunately two thirds happen as tlie frequency approaches 
either the upper or the lower limit of the mid-frequency rnrge 
In the first place A becomes smaUer, approaching zero, so that the 
approximatjou of Eq. (11-122) can do longer be used; second, tiic 
phase angle of A becomes other than tlie 180 deg of the mid-fre- 
quency region. If thb phase diift is sufTicient for tho angle of A» 
to approach seto, the feedback will become positive and the nmpli- 
fier will oscillate if the magnitude of is still sufficiently large. 
This means that an a-c signal will be maintained in the amplifier 
indepentleully of the applied signnl, the frequency of ^ihich is a 


' For eomi- aiiggestefl design proceduiea, see Stewart Brrkcr, T)ie St.i- 
bility Factor of fjegalive Feedback Amplifiem.i’roc. IRE, 3S, pp SSI-S^. 
Jure, H>U 
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fdiiction of the eircuit constants. Under such ciicuinslaiicos the 
circuit is useless as an amplifier. 

To ascertain as to whoUier or not oscillHlions may be set up in 
the amplifier, the in-phase and quadrature components of Ap and 
its conjugate should Ijo plotted in rectanguiav coordinates for al! 
frequencies at wiiich tl»c gain of tic amplifier is greater than zero. 
It may be shown that, if this curve does not enclose the j-joint 1 ,0 
the amplifier will not oscillate.' This is ill\»3trnlcd in Fig. 9-6{) 
where a possible curve bfus been plotted, the port lying above tl^e 
X axis being A0 and the part lying below the X axis being its 
conjugate. The amplifiej- to which this curve applies will not 
oscillate since the curve does not enclose the iroint 1,0. In genera! 
two such curves must be draum, one for Uio 1-f end and the other 
for tile ii-f end of the amplifier frequency spectrum. 

Throughout the mid-frcqucncy nvnge of a rcsistance-ooupled 
amplifier, A will liavc a phase angle of zero if there me an even 
number of stages, and 180 deg if there arc an odd number of stages. 
I.et it be assumed that the feed-back networlt is piiiely resistive 
and, therefore, that the phase angle for g is cither zero or 180 dog, 
depending on tiie circuit. There will then be no quadrature com- 
ponent for Ag, and A? may be represented by a magnitude with 
cither a plus or a minus s^n but with do phase angle. Referring 
to Fig, 0-09 it is obvious tliat to prevent oscillations under these 
ussumed conditions either A0 must be negativ'e, i.c., lie to the left 
along the X axis, or, if positive, be less than unity. Normally it 
is made negative by suitable design of the feed-back network, 

Similar conclusions may be dra^vn directly finm Eq. (9-121) for 
the simple case where has no qwukatute component. Thus if 
Aj) is a negative number with zero phase angle, (1 — Ag) will be 
a positive number greater than one and the gain A' (with feedback) 
will be less than A (without feedback). On the other liand if A[5 
is a positive number A' Avill bo laigcr tlian A, and if A^ is also 
numerically larger than one the denominator will bo negative and 
the amplifier will oscillate. 

'H. NyquiBt, Hegcncrotion Theory, Bell System Tech. 11, p. 126, 
January, 1032, Nyquist gives this rule: “Plot plus tind minuB tlio imaginary 
part of A0 against lire real part for aU frequencies from zero to infinity. 
If Uie point 1 jQ lies completely outside this curve, the system is stable 
(will not oscillate); if not, it is unstable (will osoillalu),” 
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Analysis of the rayre gcticnil case, where Ap niaj- liavc any pha>e 
nnsle whatsoever, is of rnnraiC mnni (iiflieiill. ; hut if we uRain 
assume the fced-haol: e»m»*t to pnndy rrsi'HVD, wc can detcr- 
niine the effect of the phase anRle of A from th« ccinatiotiH clevelojwtl 
jii llic early sections of Jhii chapter. Tlius a single-stage tvsist- 
nnce-e.-oiipled uinjtlificr witli adcfjiinlc hy-passing of hereeii-gnil and 
enthotlc dronits hna, ns iiiiij' I* eccii from Etj. (D-30), n maximum 
phase shift of 00 «icR Icoihnit at hjw frwjucHr.H's m«l 90 ileg laggiag 
at high frccjiietcies, relative to tlm mifl-Frcciiiency phase. A 
single-stage amplifier of this type cinihl not oscillate since the 
phase shift from mid-frequency 
^ w<niUl liavc to he 180 deg if it Ls to 

-S comliiue witti tlw 180-dcg phase 

Q n^versnl to the tube and give 
AO u phnsc nrgle of scro, a 
neccisarj' condition for oscillalloa, 
Even n isvo-s>lage nmplifiei will 
•75 not oscilbto since, although the 
maximum phase rliift from nu'tl- 
fit-fpiency is ISO ilcg, cnuKiiig the 
phase angle of Ap to approach zero 
at high and low frequencies, the 
of AJ appr»«to 
tions in a amplifier. zeio. givuig a curve similar to 

that of Fig. U-CD wliicli docs not 
encioBC the point 1,0. Any rTOislunco-eouphsl ninphricr using 
more than two stages is cx'iilcntJy jaibiect to oscillations imlws 
Si>ecial prcciiiitiuiis arc Inkcn. 

Tnrffcetivo by-passing of the scrccn-gritl circuit will inercasa the 
tendency of the amplifier to osdllatc as may lie seen from Eq. 
(9-4S) where the total plia,«c shift from itvid-freciucncy approaches 
180 deg leading at low fn.'qucni.-ies in a singie-slago amplifier. 
Satisfactory bj’’-passiiig nxinirra (hat the condenser C,i, Fig. 9-Si>, 
belatga cvwsugjito ptewnt the. pii5v=e angle, Isecoia- 

ing appreciably laiger than zero until the gain of the amjilifier has 
fallen low enough to decrease tlie mafyaituda of A(l nearly to unity. 

Similar analj-sia may be mode o( the rcsiatnnce-coupled amplifier 
with I-f and li-f compensation and of the transformer-coiiplwl 
amplifier. In the latter, for example, the phase shift per stage 
approaches 180 deg at the h-f end of the spcctnun [see Eq. (9-?2)l; 
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therefore, there is more tendency to oscillate than in a resistance- 
coupled amplilior. Povrer amplifiers rising stepdown transformers 
in the output circuit, on Uw other lumd, have a maximum phase 
shift of 90 deg from mid-frequency, not 180 deg [see Eq. (9-111)1, 
except ill the case of parallel feed (as in Fig. 9-21 ) where the phase 
shift approaches 180 deg at low frequencies owing to the blocking 
condenser. 

When feedback is applied to three or more stages of resistance- 
co\ij)led amplification (or two or more sUiges of any amplifier with 
a phase shift from mid-froquency of ISO deg per stage) special 
provisions must be incoiqwrated to prm'cnt oscillation. A po.ssible 
method is to design one stngc of a <.hrcc^tngc amplifier will: a 
wider raid-frequency range, presumably at some sacrifice in gain. 
With sucli a design the two higher gain stages will produce a pliase 
shift from mid-frequency approaching ISO deg at frequcnoics for 
which the phase diift in tJie lower gain stage n’ill still be nearly 
zero. At frequencies sufTiciciitly low or high to cause appreciable 
phase shift in 1;he lower gain singe, the magnitude of the gain in tlie 
other two stages should have become so low that oscillation is 
impossible.* 

Current Feedback. In the preceding analysis of feed-back am- 
plifiers Iho feed-back voltage was proportional to the output volt- 
oge. It is also possible to design amplifici's in w’hich tho feed-back 
voltage is proportional to the output current. Figure 9-70 shows 
the principle of this type of operation, the feed-back voltage being 
set up across an impedance hi series with the plate or output 
circuit. 

The over-all gain of the circuit of Fig. 9-70, including feedback, 


A' = 


Ei 

E. 


K-^Zs 


(9-129) 


’ For fuvtlicr inlormiition, see such rcfcrencCB nH F. E. Tormau and Wen- 
Yuan Pan, Prequeiicy Response Characteristic of AiJi])Iifierfl Jimployiiig 
Neeative Feedback, Comwmtxeaiiona, p. 5, March. 193!); Viiieont Loanied, 
Corroclivi! Networks for Feedback Circuits, Proc. IRE, 82, pp, .j03— 108, 
July, J9J4; II, W. Jiodo, Roiaiions betifccn Attenuation and Plinge in Feed- 
back Amplifier Design, BeU Sijstem Tedi. J., 19, p. 421, .fuly, 1940; and H, 
W. Bo<lc, “Network Analysis and Feedback Amplifier Dcsigu,” D. Van 
Noatrand Company, Inc., Now York, 194S. 
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Tf the irnpedaiice of (he load K Zt, vre may 'write I# = Eo/Zt and 
Eq. (9-129^ rcthifCH to 

A' 5!.^ (M30) 

Jf both numerator and denominator are divided by Ej and the 
reliiLioH of Eq (9-119) Kubetitutcd, the result is 



Since current feedback tends to maintain constant output cir- 
rent (for a given impressed voltago^ legardlets of changes m ampU- 
her gain or load impedance, mtiiec than constant output I'ohape. it 
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inll not correct for frequency distortion due to changes iu toad 
impedance with frequency- Thus current feedback is less desir- 
able than voltage feedback if the objective is constant over-all gain 
with a cunimum of distortion 

Eeed'back Circuits, ’lliere are many types of feed-back ck- 
cuits, and only a few will lie presented here. In the current-foed- 
hack circuit of h’lg 0-71n the name tesistOT is used both to provide 
grid bins anti to set up o fewi-badc 'voltage. The nlteruating com- 
ponent of plate current must ftcfw through the rosistor Hi and will 
set up a voltage that, 'with a resistive load in the plate circuit, is 
180 dog out of phase with the input signal, in the mid -frequency 
range. Connecting a condenser across part of the resistance, Rii 
reduces the feedback u-ithout affecting the bias, since only 
resistance I?s is then effective in producing a feed-back voltage, 
whereas the direct compment of jdato current must flow through 
Ks as writ, giving a bias vnitage equal to -f- K?)- 
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A modification of tliis circuit is shonm in Fig. 9-71i; whni'G tiio 
functions of feedback and of cathode resistor are separated. Here 
only t.he direct voltage across Rc fe applied to tlie grid, and I, he 
alternating voltage appears across fii, since Cc by-passes tlie aUer- 
naling component of plate current around Re- Tlic resistance of 



(W 


Pio. 9-71. Tavo feed-back circuits in n-bicli Iho feedback ia proporlioiml 
lo llic nutput current. 



Tig. p-72, A simple type of feed-back circuit wltercin the feedback is 
a lunetion of tlio output volUigc. 

Re should be liigh compared ndth the imixidanco of the input 
circuit; that of 72a should be lai^ compared with R\. 

A simpie voltage-feedback circuit is abown in Fig. 9-72. The 
feedback takes place from the plate through resistor 72/, setting 
«p an emf across the resistor Bi. With resistance load as shown, 
the phase of the alternating plate voltage is exactly opposed to 
that of the grid A'oltage, in the mid-frequency range ; therefore, the 
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rmf &cl up ucro&s nill be opposite in to the signal from 

the input airtmil. 'Hie amount ol feedback is conlrollntl hy the 
resistors R/ and Ri, and condenser 6/ bionics off the direct pUtc 
voltage from the grid circuit. Since the feedback is proportional 
to the plate voltage, this circiut gives reductions in both ampli- 
tude and frequenoj' dislortion 

Tlin fccd-hnck circuit of Fig. 9-72 nuiy lie applied to a push-pull 
amplifier, Fig. 0-73. The resistances Ri, J?i crincsjiond to the 


c, 



Fio. 0-73 Circuil uf a puab-pull aojphCer with feoclbacic. 


Ci 





I'lO 0-74, Feedback appl»cdto twoetageB of a nsBistsuicB-coupIed amplifier. 

resistance Ri of Fig. 9-72, /?„ is an additional resistance to improve 
the balance between the two lubes. Any unbalance botivcpn Die 
tubes mil produce a cuirciit Ihrougti tlii*! rr.sistauce, thereby sett iup 
Up a voltage of mivlv polarity as to tend to Tcstiivc the hai.vntc. 
The same arrangement may alv> be tfwl with a phase-invertirfi 
tube to maintain balance. 

In applying feedback to a two-sUiBP ampUfier, cate must he 
exercised to reverise tlie polarity* of tiro feedback front that obtained 
in the circuits of Figs. 9-71 and 9-72 to compensate for the nildi- 
tionat phu-'-e reversal inserted hy the added Stage of nioplific.'itiou, 
Fit^irc 9-74 shows the apidication of the circuit of Fig 0-72 (o a 
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Uvo-stage, vesistance-coiiplecl amplifier. Tlie resistance .se(s nj) 
tlie fced-baek voltage whidi is seen to be opposite in phase, witli 
respect to the grid, from that set up by in Fig. 9-72. The icsist- 
ance E/i together with Ry provides grid bias. Feedbaek is also 
provided in this cifciiit by plate current in the firet tuljc flowing 
through Ri (as in the cirouits of Fig. 9-71) so that, tlic total foed- 
back is equal to the sum of the voltage set up liy this cvivveut 
feedback and that due to fJievolta^fecdbacIc through Rf. Usual^' 
the cunent feedback is small compared to the voltage feedbaek. 

Feedback may also be tised 
with pentode amplifiers. WTien 
pentodes are used in the ciraiits 
of Figs, 9-71 and 9-74, it is neces- 
sary to rctui'ii the screen-grid by- 
pass condenser and tliesuppvesssor 
grid directlj' to the cathode mthor 
than to ground. In addition, 
the resiBt.ance in series u'itb tlie 
d-c supply to the screen must be 
sufficiently liigli to prevent the 
Boi'cen by-pass condenser from shunting out the feod-ijack re- 
sistor fBi. Tins is illustrated iu Fig. 9-75 (similar to Fig. 0-7ln 
for the triode) -wlierc Rn must Ijo laigc compared with /^i. 

Cathode-follower Amplifier. The eirewit of a oathodc-follower 
wnplifier is shown in Fig. 9-76. It is cs-scutblly Uiat of a resist- 
ance-coupled amplifier with 100 per cent toedbacik (g = l.O); 
and the gain is therefore found from Eq. (9-121) to bo 

A' - (S-132) 

As A is made larger without limit, tlie etithode-follower amplifier 
will evidently produce a maximum gain of one. It is, therefora, 
not used to provide voltage amplificalJon but fe an excellent power 
amplifier and impoclanco-tran^orming divice. 

Tile impedance-tranrforming characteristics of the cathode- 
follower amplifier niay be demonstrated by expanding Eq. (9-132). 
First we must substitute for A from Eq. (9-119) whence (9-132) 
becomes 



Fig. 0-7S. I’cutodc auiplifmr 
with feedhaok. 
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Ei » -E£*= 1’^:, (9-134) 

where Zl U the paroUel tmpecbtncc of Z, and the outpvit cwcui^ 
(Fig 9-7lj). may be found from Eq. (3-23) 

jj, j, + (5.J3S) 

SubsLituting Eq9. (9-134) and (9-135) into (9-133) gives 



FiQ. 9-*S Circuit of a eatborlc-rnUasrer amplifist. 


li both numerator and denominator of this equation are divided 
by (1 -i- ^i) the result 5s 


This equation should be compared with E(i. (9-119) for A which 
may be expanded as 


Ei fm: 


Equation (9-137) shows that the calhode-follower amplifier fa 
the equivalent of a tube with amplification factor of (*/(l. + 1*) 
a plate resistance of rp/(l + p). If a tube with a Jiigh m fa 
such as a pentode or beam tube, the effective plate resistance fa 
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very mucli smaller than that ol the actual tube, being approxi- 
mately rjii — l/(7m. 

It should now be evident that the equivalent circuit of the 
cathodc-followcr amplifier is as shown in Fig. 9-77. Tiieorct.ically 
maximum power output will be obtained when the output load is a 
pure resistance equal to the equivalent plate resistance rj{\ -f /i). 
Since the equivalent plate tcmstance is very low, this type of 
amplifier can he connected to a very low load resistance without 
the use of an output transformer. When so used, the gain A of 
the amplifier without feedback 
becomes small, and many of the 
advantages of feed-back amplifiers, 
such as reducUoii of distortion, 
arc partially or 'vholly lost. How- 
ever the h-f response of the 
amplifier is oxceUent since R» in 
Eq. (9-30) is voiy low in this amplifier. Tlie low value of 
is duo imth to n low equivalent Ty and to a low Ri, as shown by 
Eq, (9-10). Amplitude distortion m.ay bo determined by applying 
methods simUar to tliose used for conventional amplifiers.* 

The input impedance of a cathode follower is higher than that 
of conventional amplifiers. This may be aeon from the equivalent 
circuit of Fig. 9-78 showing the capacitances only, corresponding 
to that of Fig. S-2c. Tlie capacitance Cgt is the gvid-enthodo 
capacitance of a triode and is essentially the controi^rid-{',.s.1,hc>de 
plus the coiitvol-grld-sc!«en-grid capacitance of a pentode or beam 
tube. The capaoitence C„ is that which exists between tlic pinto 
and the control grid. 

Following the method of pa©j 261 we may write Ej = 
where A' is the rangnitwlc only of tlws gain of the cal.liode-l'ollower 
amplifier. The following equations may now be written directly 
from the circuit of Fig. fl-78. 

= (D-J39) 

= j«(7^{E. A- eJ) ~ jcaCrtfE, — A'E,/^) (9-140) 

I" = ycoC„„E. (9-141) 

■ OTOphiuiiI solutions dewgned espeiaatly for cattiodu-rollDwcr nnipli/iurB 
are ^veu by William A- HuIjct, GrapUieal Anniysis of Catliodo-biiiKuil Bi>- 
gonorativo Amplifier, Proe. IRE, 36. p. 265, March, 1047; and 13avid I,. 
Sliapiro, The GiaphicnJ Beragn of Catbode-output Amplifiers, Proc. IRE 
S2, pp, 263-208, May, 1944. 



Fig. 9-77. Ktjuiviileiit ciiouit of i» 
catboUo-foHon-cr amplifier, 
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Equation (9-140) may Im rewnlfcii in lecfanqiiliir conrdinatcs as 
I' = jwC,k[B, — A'E.CoosjJ/ -t-isin^)J (9-142) 

Wt! may now solve for the mpat admittance 

Y = I,/E. " A'wCefc swx ^ 3«(C„ + Col. - cos </■) 

(f)-113)» 

Equation (9-143) should he wimpiiK’il with Eq. (9-7) for a con- 
ventional grounded-cathode amplifier. The term in the paren- 
theses is evidently the equivalent input capacitance C, 

C, =■ Cop + C^(l - A’ COR I)-) (0-144)' 

and It is evident from this eqiiatioti that this I'npiicitnnco is even 
Binaller than the geometric capacitance of the tube {C„, + C,i). 





Tia 0-7fi Kqulvalent eirciRt of the input enp.icit.tricc nP n catliude fol- 
Jowei amplifier. 

This low input capacitance materially improves the performance 
oC the driving amplifier. Uec.reasic*! input capacituiice is char- 
acteristic of all negative-feedback amplifiers, but the maMmiim 
decrease occurs in the calhode-folloucr amplifier. 

Tlie first term ol Eq. (ft-143) is of tho nature of a coiidactaQce 
and represents feedback due to the output voltage E® nctinfi 
tlirough the grid-cathode caiiacilmine. At audio frequencies this 
eifect is negligible.^ 

The impedance Z. in the circuit of Fig. 9-75 is commonly a re- 
sistance tliat [iruviiles gnd bias aa well us servLug as part of the 
Idjid, an •aiT.'ingcment that may be objectionable since a suitable 
value of resistance for load may not provide tJie correct bi-is. 

‘ For irformatfon on the input ndmittancc of this amplifier aini of othei 
similar circuits, see H. J. Reich. Topnt Admittance of Catliode-follo"'®' 
Amplifiers, Prpc. IIiE,3G, p. 573, June, 1017. 
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Figure 9-70 shows one method for avoiding this difilcuily by pro- 
viding a means of adjnsting the bias independently of the loud. 
The resistanue (iSi -h jB.) is considerably Laiger than the impedance 
of the load so timt it has little effect on the total output impedance 
of the amplifier. By adjusting the relative size of these two resis- 
tors the bias voltage may be made any value less than the lota! 
direct voltage appearing across the load impedance. 

In actual practice the load imperhmee may consist of a trans- 
mission line, suitably terminated. If the Iraiismission-lmc imped- 
ance is too high, a ivastanco may he bridged across the sending 
end of Uic line ; if the Uno impedance is too low, a resistance may 
be inserted in scries. Tl»e phite emrent of f.hc amplifier must 
normally flow through the line and its tcrmimiling impedance, but 
if a resistance is connected in parallel with the sending end of the 
lino, the direct component of the plato current may be coiillncd to 



Fig. fl-79. Cstbocie-follower circuit in which the grid bias is adjustable 
inclepondently of the load. 

this resistance by inserting a suitably large blocking condonsev in 
series with the line.* 

Regeneration. Feedback may take place in amplifiers even 
when no special feed-back circuits are provided, owing to the pres- 
ence of impedance.? common to bolJi input and output circuits of 
an amplififir. When the feed-back signal is of .such phase as to add 
to the desirecl signal (p(»itive feedback), this phenomenon is com- 
monly known as rcgeneraJion\ when it is subtractive (negative 
feedback), the phenomenon is known as dcgcntralion. 

' Additional cirnnits and applicationa of the catliodu-followor iimplifior, 
at both audio and radio frequencies, are givcii by Kurt Schlesiiiger, Catli- 
oda-fuilowcT Circuits, Ptoc. IRB.Si. pp. December. 1915. 
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Regeneration may cause a. miinber of very undcKirnble effects 
If of sufficient magnittide and proper phase, it may cause the 
amphfier to oscillate at an audible resonant frequency and so jjro- 
dtiue a howl in a lond-speakcr connected to its output. In rrast- 
ancc-wuijiled amplifiere it may produce motorLoatiiig, so named 
because of tf»c "piit-piit” nnund frequently produced in the loud- 
speaker, Motorboating is caused by enough energy being fed 
back to b\iild up a charge on the coupling condenser suffident ta 
r.nl off the flow of plate current through the tube, after uhiih the 
cnnclcDFcr diachiirgcs tlirough the grid leak at a rate depending oa 
the 8i«e of the condenser and grul leak.* The tendency to motor- 
boat increases as the condenser and leak are increased in sire and, 
therefore, as the 1-f response of the amplifier is improved. Thus it 
is L'speeiutly necessary tu avoid regeaeralioii in resistaace-coupled 
amplifiers ivilh good l-f re.spoiisc. 

Regeneration may bo caused by coupling through i&ductive 
fields, os between the wiadtngs of transformers Such sources of 
feedback may be elimirutted by the use of resistance coupling or 
by UirirniigLIy sliielduig tlie (ran.sfnnncra und Ly so lociiling them 
in the amplifier na tn prevent the atmy field of one from linking 
with another. Capacitive coupling between Tvinng and tubes may 
also cause trouble, especially at the higher frequencies. Such 
capaoitaaces aro net likely to be of sufficient size to cause much 
regeneration at audio frequencies, and care in locating tiie ninug 
Mill usunlly avoid any trouble. 

Impedances in the conunoa return path from two or more tubes 
probably cause most of the trouble experienced irith regeneration 
in amplifiers. Figure y-80 stiowa tlio uireuit of a lliree-stage, rc- 
.‘ii&Limcxs-CDUpled junpliffer with ii single power supply for all tuberf. 
The imperlance between the output terminals AB of the rcotifiei 
is not zero even though shunted with a very large condenser 
Thus the alternating plate current of the third tube trill set up a 
small voltage between the points A and B wiiicli will in turn be 
impressed ou the plate of the first tubes anri therefore on the grid 
of tilts sneord tube. This voltage is of proper phase to increase 
the .alternating plate current m the third tube and thii.s produce 
regeneration 

‘trios aclion is siiiular to the perfprnuuire of multivibrators (p 
where feedback (or regeneration) is inlentiotially introduced 
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the rtwistaucfi of J2j much Ijvrger than the reactance of C% and thus 
reduce the ^'oltagc built «ip butwecin points A nncl H -to w negligible 
quantity. The small voltage that is yet developed between A and 
B IS further reduced by the acitem of Aiand Cj before any regenera- 
tive signal can reach the plate of the first tiilio. 

The filter for the second tube, R^Ct, prevents dcgeneralion, since 
the phase cf any voltage set up ui the plate circuit of the second 
tube is such ns tn rfccrwisc alternating plate entreat in the third 
tube. 

It is interesting to note that tlie decoupling circuit of Fig. 9-SI 
13 the same na the 1-f compi'nsating circuit of Pig. 0-12. Thai 
l-f compensation automatteally provides decoupling ot lugher fre- 
queuciee. 

Problems 

9*1. The input to a certaia amplifier is 40 mv and the output is 10 volta- 
The input tmpsd.Anee in 500 ohms (resintirc), and the output itTipedancs u 
10 oliias (reiisLive) <u) What is (liv eaiu tif the aniplifiei is Ub? (&) Wtisi 
in the output of tho nmplilior in dh? 

6>2. A ceitain ttiode has internal capacitances as foilows C7|« "42 
Huii Co<ri "38 iiuf, Cn “ 20 list The tube is used ss iv rroistancD-eovipl«<I 
Amplifier with a volinge g.iin of 60 (39 6 <Ib) The phase shift is zero At the 
freriusDCy iiiiilur uunsiiieruticii SVIial is tlie equivalent Bspacititucs prs- 
seated by tliin tub# to t.hn preceding (or driving) omplifler? 

6*3. Uepeat Piob 9-2 for a pentode with u gain of 100 (‘l-t 1 db) under 
sinalat operating conditions Tbo intemat rapacitnntcA nto C,i> • 5 wi(i 
n... - S 1^4, C,f - 0 OOS |i/ii 

9<4. The constants ot a rcdstoDce-coupled, trinde amplifier, as in hig. 
0-4, are u “= 100, r, - 00,000 ohms, K, - 0.25 megohm, )?, » 0 5 mrechia, 
C =“ C 005 nf H Ukj nnd-freiiuoiicy voltage gain? (I'lio values of i* 

and r, to be used in rrsisl-ince-coupled amplifiers— especially r,— usually 
dilTer from the values xivcn m tube maDUalt], eiiice the plate voltage is 
usually low lu a resistaiice-couplcd .amplifier owing to the droj) IhroURh 
the coupling resistance Hi ) 

9-5. The capacitances of tho tubes in the amplifier of I’roh D-4 are as 
bIvcu in Prob 9-2, and the cnpncitnnees of the wiring and other e\terns! 
elements between stages is an nddtlioiiai 7 imf Assume the gun of 
tUedriccn tube to l>e eciU'At tothcirfd-frcqucncy gain computed (mm I’rnl). 
0-i and ita phase shift to he aero (this gives a band iviclth less th.sn actually 
realirable) At what inu'dinuiafrcqucucy lathc gain of the Hniplifierdnwn 
3 db from the mid-frcqiienry gain? 

9-6. At TV hilt minimum freqneoey is the g.ain of the amplifier of I’robi 
9-4 and 0-5 dow n 3 db fcoBi tie nud-Creqitr.nejr gain? 

0-7. The triode tubes of Proh 9-t are replaced by pentode tube.'? in aUioh 
Bn =■ 1500 iiinlios, r, = 1.& iiieKuliiBS, ami the copacitaiices are as given in 
Ptob. 0 3 with wiring eap.aeitanm bfitvrren tiihcs introducing Bn iiiiditional 
7 luif in shunt with /f,. (a) Wbst is the mid-frequency gain? (M At 
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wliat maximum aud minimum ficquoiciea is Ibe gain down 8 dl) from t.lin 
Hiid-frequency gain? (Assume the screen-grid and raf.iiodi; liy-pass con- 
densers of the driving tube to be of such mac tiiot U'ej' iinve negiigilrie 
effect.) 

9-8. (a) What must Ixt the value of the coupling reaist.nnco 7?i for tlio 
simplifier of Prob. 9-7 if l.be gain of the nmjjlificr ie to remain constant to 
within 8 db of thu mid-{m<|ucacy gain up to n froquency of 2 Mo? (All 
other factors nnr.linnged.) (t) What is the mid-frequency gain with this 
value of coupling Tcsistor? (c) What is the mitiiinum frequency at whicii 
the gain is do«-n 3 dh with this value of coupling resistance? 

9-9. What is the db drop in gain at the minimum frequency computed 
in Proli. 9-7 if the effect of the screen-grid by-pass condenser is taken into 
account. Ci » 0.2 pf, «» 20,000 ohms, Itj ^ I megohm, 

9-10. A throo-stage, reaiclance-coupled amplifier is to be built, ciicli 
stage having tlie constants of Prob. 9-7. Determisie (o) the mid-fro<iuoiie,y 
gain, (6} ilic maximum and minimum frequencies at whicli the gain of tijis 
amplifier is 3 db down from the mid-frequency gain. 

9-11. The cirouit of Fig. 9-12 ia to bo uticd with the uiupliflcr of Prob. 
£1-8 to Improve the 1-f response, (a) Compute (he valun of Cj lo rndiico tlm 
loss in gain from 3 to 0.5 <lb at l.hc ininimuiu freiiucncy computed in Prob. 
fl-8. (!>) Coniputo the minimum valiio of 17s ncAiiniing 4 hat the terms on thn 
two sides of the iDcquulilicti listed in the jinragraph preceding Hq. (O-SO) 
are in a ratio of not Iosr llian .80:1. 

9-12. Tlie circuit of Fig. 9>14 is lo be used with tlio amplifier of Prob. 
0-8 to improve tiio h-f responso. Compute tlio induotanco of 7.>i to reduce 
the loss in gain from 3 to 0.5 dli nt 2 Me. 

9-13. A ecrtaiii tniosforiner-couplcd, voltage amplifier has the following 
constants (sec the equivalent circuit of Fig.9-19b):;i « 20, r,. *■ 15,000 ohms, 
Lp " 160 hentys, Lp m 03 liciiry, Jt, •• 220 ohms, Or " 0U;itif, n “ 2.S. 
Ciiinpiitc (a) the mid-frequenej' gain. (1>) the minimum frequency for a loss 
in gain of 8 db over the mid-frc<)uency guiji, (e) the frequeney of maximujn 
gain and the db rise in gain nl this frequency above tlic rnid-frcqiionoy 
gain. 

9-lf . Compute the power output and percenfnge distortion for a triode 
amplifier tube having the churacierislics of Fig. O-dS. Operating point 
at =■ 275, Ep «= —56. Assume Eg„. ** 56 volts, lii. = 80(W olims. (b) 
ftfipent (n) for .Ki = 10,000 ohntB. (c) Compute the plate loss at full out- 
put, under the coiidilions of part (5). (d) Repeat (c) but with no n-c grid 
voltage (Rcro output). 

9-16. Compute the power output and percentage distortion for a pentode 
amplifier tube having the characicrisUcs of Fig. 0-49. Operating point, at 
fffc “ 250, .^c = —10.5. Assume = J0.5Tolta, /7/, = 2009 ohms. (5) Re- 
peat (a) for Jli = 5000 ohms, (c) Compute the plate loss at full output 
under the conditions of part (a), (d) Rr.pcal (e) but with no u-e grid volt- 
age (zero output). 

9-16. Compute the plate efficiency (o) for the triode tube of Prob. 0-14 
and (6) for tlie pentode tube of Prob. 9-16 making camputat.ions for both 
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10 ma at 250 Tolls, nliat is the efficiency of the peatoile cocsideting both 
ecieen-grid and p^atr, loases? 

9-lT. Using Uio charucteriatic curves of Fig l>-57, (o) coiupute the power 
output and distortion (third harmonic) for tho lend line Rhown (F» =a 250, 
Et = —SO, Ep, = SO). (S) Oiuipule the platu eflicieucy. 

Hint: For part (fc) determine the direct eiirront flowing in each tube by 
analyzing each oa a Biugle-tubc tunpliflec usiug the niethoU of 32S tn 

335. This will determine the d-e input to the amplifier The currents 
Jie, mtt, i» ui III It fur one tube may be found from the dolied curves ot 
Fig 9-57, for the same plate nod grid vottaenn aa were used in finding these 
currents for the uqmvaient tube from the cumpusito curves is part (o), 

9-18. (a) Compute the power output and distortion for the cisss B 
amplifier to which the curves of Fhg 0-62 apply for tho load Ime shmni 
{E„ ^ E,) (6) Gompiitft tV plate efficiency (See hint in Prob 'J-17 ) 

9>19. A resistasce-eoupled feed-back amplifier has the following eon- 
etsrta Sm — 12U0 ainiioo, ry • I 2 megohms, Fj • 0 2 nsegobm, • 0 S 
megohm, C * 0 01 sf, C'r ~ 22iu<f The feed-back foctor ? is the same at all 
frequencies fnr wliteh the gaia of the amplifier without feedback is within 
0 db of the mid frequency cam, being 0 1^ (a) Compute tho complex 

mid-frequency gain without feedb.ack (A) and with feedback (A'} (A) 

Compute the sunienum frequency at which the gnin of tho amplifier without 
feedhaek is down 3 db from (be mid-frequency gain A Then compute the 
vomplet gaiox A and A' at tbie frequency (or Itrpcat (b; for the maximum 
frequency for a 3 db drop in gain xrithout feedback (d) How many dh 
down frotit its mid-froqueney value is the gam of the feed back auplilier 
at thfi freqiienries of parts (t>) and (c)? 

Design Problems' 

9-SO. Using the characterietiu curree of Fig. 0-lfi, cumpulu the poaer 
output, plate efilrfenoy, and percentage rfistnrtinn for various values cl 
Ri for Et ^ 250 volts, E, — —50 vulls, E,m '» 20 toIIb for the power output 
and ctliciuncy and 50 volts for the distorttoR. Pint euivr.s vs. Rc.. These 
ehoutd be aiimlar to the curves of Fis OAl 

9-21. Using the characteristic curves nf Fig 9-46, compute tho power 
output, plate efficiency, and peak Signal vultagu for £i = 260 volts, K. “ 
E^fletlioti Efm and EsBO vary with Ri. as tn maintain a constant dislorticc 
of 5 per cent. Plot curves vs. Ri. 'Tlreeo should bu similar to the curves 
of Fig 9-11 

9-S2. The total primary inductance of a certain 3.1 ratio audio trons- 
forracr U150 beiiryeitbseccoadary inductance is 135Chriiiy«. Priniaty at>d 
zccOTiiitiTy leikAgeieacVatices are i.acfa02 percent Husistancesc.^ jvnxsiMy 
and secondary windings arc 110 and ICm ohms, respeetively. The equiv- 
alent flccondory capacitance includiiv the tube eajiacitanec (<7j- in Fig- 
9-10) is COiiaf. If this iraneformcr is uand with a tnode tube operating at 
E, -= StO volts and E, - -SroIU.whereM = 29. r, = 10.000 ohma, compute 
and plot the gain per stogo iu db xrs. frequency, plotting frequeooy on a log 

> See fuotiioto on v SIS. 
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s<!!l)c. Aesuine the input resistance of the driving nnd driven tubes to be 
the same. Vary tiio froquenej' from 25 to 2&fi00 cycles/sec. 

8- 23. Tlepeat Prob. 9-22 with ii resistance of 500,000 ohms aonnected 
across the secondary tcminids of the transformer. 

9- 24. Plot a set of composite characteristic curves for a pusli-pull, class 
A amplifier using the tube to which Fig. 9^5 applies, E\ — 275 volts, Et = 
—50 volts, and determine the power output and plate elfioicncy for vui ioua 
load rosiataneos. Plot curves vs. load resistance. (Assume = E^. 
and that transformer coupling to the load is used with a. zero-rcBistaiici! 
primary winding. Also see the hint in Prob. 9-17.) 

9-26. Compute the gain vs. frequency and phase angle vs. frequency 
cuvvea of the aniplifiiir of Prob. 9-19 nsauining g reniains cimstant to miiix- 
mum and maNimum frequencies for which tlic gain 5a tiosvii 3 db from the 
mid-fr<!(jiimicy gain. Computations should cover such ii frequency batul ns 
to include these two haU-power points. Also plot AO and its conjugate 
and SCR if this plot ctioioses ihu point 1,0. 



CHAPTER 10 


RADIO-FREOUENCY AMPLIFIERS 

Vacautn tubes inny be used to amplify r-f signals as well as thoee 
of audio frequency. HoxTever, it was eboivn in tbe preceding 
cliapter that the shunting capacitance erf the driven tube caused 
the .amplification of audio amplifiers to approach zero at the higher 
frequencies. Therefore, if the vacuum tube is to be used as an 
amplifier at radio frequonwes, some changes in circuits or tubej 
must be made. Actually roost r-f amplifiers use a paiallcl reso- 
nant circuit as tlie load impedance, the input capacitance of the 
driven tube being included as a part of the resonating capacitance 
It then makes little difference as to how large this enpacilancft 
may be etcopt that a large tube capacitance Bomewhat reduces the 
maximum frequency to which the amplifier may bo tuned. The 
effect of the tube uapaeUaiice is fmiiier reilucod by the nearly uri- 
versal use of pentodes in low-power, r-f amplifiers, the input capaci- 
tance of which is loss than that of corresponding triodes as was 
shmvn on 2G4 

The use of tuned circuits as kad impedances ia r-f amplifiers 
is made both possible and desirable by tlic type of signal to be 
amplified, most r-f signals containing only a single frequency 
component or at most a group of components spread over a rather 
narrow band of frequencies (as in a modulated wave). The 
resonant circuit presents a lil^i impedance at this frequency (or 
baud of frequencies), whereas its impedance is lower at all other 
frequencies, decreasing rapidly as the frequency shifts from the 
resonant value. The amplifier therefore iios a high gain at reso- 
nance and a very low gain at any frequenej’ that differs appreciably 
from resonance. It will therefore respond to radio signals of one 
frequency only, even thou^ many different slgnais may be im- 
pressed on its input as in the ease of an amplifier handling signaU 
picked up by a radio antenna. This ability of (he amplifier to 
select a desired r-f signal and reject nil others is one of the im- 
portant features oE a well-designed r-f amplifier, since it mokes pos- 



Chap. 101 IMPEDANCB-COUPLED AMPLlb'IERS 383 

sible tlie simultaneous Irausmission of majiy communications 
Ihroiigh space without interference. 

■Radio-frequency ainplifiere, like those for a-f sciTice, may bo 
divided into tAvo classes : amplifiers and power amplifiers. 

The performance of a voltage amplifier is determined by its gain 
and its band width, which are the same cluiractcristics as were 
studied for .a-f amplifiers except that band width was treated under 
the lieading of frequency distortion. Similarly, tho performance of 
a power amplifier is determined largely hy its ability to deliver as 
much power as possible with a minimum of distortion, although 
the distortion requirements arc quite differeat at radio frequencies 
and at audio frequencies, as will be shown in later sections of this 
chapter. At radio frequencies voltage amplifiers are usuailj' class 
A while power amplifiei's mu nearly always class B or C. 
l. VOLTAGE AMPLIFIERS 

Impedance-coupled Amplifiers. Tlie simplest type of r-f 
voltage amplifier is that simwn in Fig. 10*lo where the tuned 
circuit consists of an air-cored coil L with a tuning condonaer (7 
across its terminals. This condenser is generally of the variable, 
air-insulated type and may be varied throughout quite u wide 
range to tune the amplifier to the desired hequency. Iron is 
seldom used in coils at radio frequencies owing to skin elToct* 
wiiioh renders it largely noneffective and to the iron losses which 
increase with ficqttency. Some work has been done w’ith iron 
cores at tho lower radio frequencies by using very finely powdered 
iron (or magnetic alloys of various types) held together with a 
suitable binder, but the results liave not mot witii much fa^'-or. 

The peTformance of tho circuit of Fig. lO-ln may ho deformined 
by using the equivalent circuit of Fig. 10-16. This follow's I, he 
method used in analysing resistance-coupled umpliliera in Chap. 9 
where Norton's theorem was applied to obtam tho couslaut-cur- 
rent generator delivciing a current I = 

' "Skincff«ct”refor8 to the tendency of flux to Row only aloag the surf.ice 
of a piacie of iron owing to the presence of eddy currents. Eddy ctirrenls 
may bo thought of us the equivalent of a Bhort-oircuited secondary on a 
transformer; and if such a secondary is of low resistance, very little flux 
can flow tlirougli it. In the case at hand the induced craf in the eddy-cur- 
rent patli becomes very largo at high frcquoneics, causing a large ediiy cur- 
rent to flow, and so roatoHally rcdacingthe flow of flux through tho middle 
of each laraiimlion. 



384 


nADIO-PltBQUENCY AMPLIFlEliS 


[Chap. 1[) 


Tlw first step in cletcnninmg the iwnplifier performance is to 
find the gain at resonance where the reactance of the condenser C 
is essentially etiuoJ to tliat of the coil L ' Let this reactance be 



(b) 


Fid 101. Adust circuit (a) and equivalent circuit fil of a tuaed, r-f, 
impeisuce twipic.vt 

X The rfiBonant impedance of the parallel resonant circuit 
may then be found from 

Z - 1 J ^ -}X - XQ - ,X (10-1) 

where <l ~ X/R. In properly designed circuits Q is always much 
loiter than 10 so that the secotid term in the last expression ef 
Eq. (fO-1) is negligible, and we inay write 

Z = XQ (I0-'2) 

> In patflllel resonant circuits the resonant frequency may be defined 
either as that ot which the power fnctori* unity or that at which th« jroped- 
ance is a maximum Each deBniliun lovis a sliehtly diflerent frcqueucy 
but, if the tesUtauce of the ctnl ia less rhim about IQ per cent of the rcac- 
Inncc ((? > 10), tha dineretice beromes ne^igihle and the frequency is, for 
all practical purposes, that at winch tbo two reactances are equal 
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The output voltage Ep of the amptiSei* of Fig. lO-l is equal to 
the equivalent generator current I times the total impedance or, 
since I = —rj„Ea, 



By analogy with Eq, (9-15) for tiic rcsistanco-coupled amplifier 
we should be able to wiite Uiis equation as 

E» =• 

where Zo is the irapedaiico of the entire load circuit at resonance. 
By analogy with Eq. (10-2) we may consider tlmt Zc = XQ' and 
Eq. (10-3) becomes 

e; » (10-4) 

where Q' is the uffcotivc of tlic entire cii'cuct and is found from 
Eq. (10-8) to be 

a 

t 4. 4. 

rr R» 

The gain of the amplifier at resonance may now be witten from 
Eq, (10-4) as 

A - I? - (lo-c)* 

The second step in determining tliC amplifier performance is to 
find the band width. We may define band widtli os the difference 
beWeen the frequency ft above resonance at which the gain is 
70.7 percent of the maximum, and the frequency /j below resoiiauco 
at which the gain is 70.7 per cent. These two frequencie.s are 
indicated in Fig. 10-2. 

A simple procedure for findii^ /* — /i is to start witli the follow- 
ing commonly used expression for 

Q - 

Ji ~ Ji 

’ For derivation o( this expression, see any book on resoDant circuit tho- 
cry such as W. L. Everitt, “Cominunieation Engineering,” pp. 63-C5, 2d 
ed., McGraw-Hill Book Company, Inc., New York, 1937. 
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where f, is the resonant frequency as indteated in Fig. 10-2. In 
the circuit under consideiution the effective Q is Q' as given by 
Eq. (10-5). Wfi may, therefore, replace Q with Q' in Fx]. (10-7) 
and solve for the band width. 

Band width = /j — =• ^, (10-8)* 

F.qnations (10-6) and (108) provide tsufiicieiit jniorm.ition to 
design most r-f amplifiers. The detdrcii bund width is known 
and <?' may be computed from Eq (10-8). A tube is selected, 
wliich delennines g„ The only unknown remaining on the right- 
hand side of Eq. (ICMl) is X, wditch should be made as largo us 



Preqweney 


Tio. 10-2. Curve of the gain of ft r-{ amplifier shOTtiQs tbe band ffidthfroai 
Ji to/i 

possible. The principal limitations in its magnitude are prartical 
ones due to the physical dimensions of the coil and condenser, and 
distributed capacitances wliich may be oxcessivo in large coils. 

In designing the coil earn idiould he talcen Hint its resistance is 
euflicicntly low as to give it a value nf Q which, uhnn substituted 
in Ecj. (10-5), will give a value of Q’ equal to that obtninotl iiem 
F.q (10-8). If Ihisisfonndtobeiiiqiractjcal. adifferentvalucof X 
must be selected until a ct»l with proper Q can be designed. 

Transformer-coupled Amplifiers. A mure commonly used am- 
plifier is that of Fig 10-3. The cuils Li and Li constitute an air- 
cored tranufomicr which may proviilc souKi step-up action, The 
remaining circuit elements nerve the same function.^ as in Fig. 10-1. 

Analysis of this circuit maybe expedited by using the equivalent 
circuit of Fig. 10-4, obtained in the some manner as svas Fig. 10-1£>- 
The capacitance Ci includes both the capacitance of the tuning 
condenser and the input nopacibaoce of the next tube, togp.ther 
with any wiring and other capocitancos present. Ei is the re- 
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sistance of coil L\. Rt nq)rraeats the equivalent resistance of 
the secondary and, therefoi-o, mdud<ffi the effect of the input 
resistance of the next (or driven) tube as well as the resist- 
ance of the coil In properly dedgiicd amplifiers the input 
resistance of l.lie driven tube is so high that it may be neglected, 
and K; may normally be conddered equal to the coil resistance 
alone without appreciable error. 



Pj(!, in-8. Cia-tiil, of a tiinoO. r-f, (r>i>isf<imior>c<iiip}ad amplilier. 



— I 

Fia. 10-t. Equivalent ciroutt of Fig. 10>3. 


The impedance seen looking into the terminals of the coil 7.;i is 
very mucli less than therefore, the current through Li may be 
assumed to be I = “^TnE, without serious error. The voltage 
induced into coil Li is therefore 

E2 = —jviMi = juMg^f (fO-9) 

This voltage will cause a current I 3 to flow in the secondary ciroiiit. 
Since the impedance of the secondary at resonance is equal to the 
resiatanCQ alone, we may write 

I. - I (10-10) 

The output voltage is equ^ to the voltage drop across the 
condenser Ci or 
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=• -1 (- 'sk) - 

But at resonaaoa l/wCj — i^Jt and Eq. (10-11) becomes 

E; « (10-12) 

Iti 

Replacing tcLt/Ri with Q, the gain may now be ivritten 

A - S - s-^-MQ (10-13)* 

Tlie band width may be found in the same manner as for the 
impcdaivce-tswiplcd amplifier. In this case there le no leaietaiice, 
other than that of the 6iMajii<lary coil, whBih is of such n inagtiitiiJe 
as to be important and the effective Q ia therefore equal to the 
actual Q of tJie secondary circuit. Thereiore, we may write 

Band width = ^ (10-14)* 

where Q “ uLifUi 

Equations (lU-lS) and (10-14) are suflicient to permit the design 
of amplifiers of this type with thn information normally avuilable. 

Band-pass Filters. One of tho moat common applications of 
r-f amplifiers ia in the amplification of modulated currents such 
as are encountered ia yadiotelcphony. A modulated current 
contains many compoDenls having frequencies lying within a 
baud of a definite width (see Chap. 13). In radiotelephony this 
band generally lins a width of 10,000 to 20,000 cycles; and if a 
sharply resonant cireiiit is used in the amplificrR of i'lg. lO-l or 
10-3, the amplification of certain frequency components will be 
greater than that of others. This results in distortion of the re- 
ceived signal (see Chap. 14). 

In Fig. 10-5 are shoivn two resonance curves: 1 for a sharply 
resonant circuit and 2 for oto Irbs aharp. i.e., containing more 
resistance and therefore having a lower Q. (Tlic latter curve 
was drawn for a higher ini*ut voltage than the former, or its ordi- 
nates would be lower than those of 1 at all frequencies.) Evi- 
dently the circuit giving curve 1 will produce a liigher guiu than 
that for curve 2 but will not amplify all components in a 10,000- 
cycle bnml na well aa will the latter. It is, therefore, necessary 
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to use a tuned ch'ouit mth a Q that is not too liigli, in spite of 
lower gain, to secure good quality of repixxiuccd signal. 

This sacrifiuc in gain to seotiro Ixstler quality of reproduction 
may be quite permissible, hut a s.acrific6 in seiectivit.y is not. By 
selectivity is meant the ability of tlie amplifier to reject currents 
from another undestred band (such as tlie one indicated by the 



Fio, 10'5. Two posaihlo rosonnnee curves for tUc amplifiers of Pigs. lO-l 
sod lCI-3. 


dotted lines). Evidently circuit 1 would amplify only a very small 
part of this undesired band, whereas circuit 2 would reprodvioo it 
with almost the same intensity us the desired bund. This is a 
very serious problem iu radio reception where two different sta- 
tions may be allocated to immediately adjoining or adjacent bands 

Tlie most desirable type of resonance 
cim'o would be one that is rectangular 
in shape mth a width just equal to that 
of the band to bo received, say 10,000 
<ycles (Fig. 10-6). Practically it is im- 
possible to obtfun this exact shape of 
resonance curve, but it may be approached 
ratlicr closely by proper combination? 
of condensers and inductances. A very 
sample way to secure a bandpass effect ia 
to use the regular transformer-coupled, 
I'-f amplifier of Fig. 10-3 but place a tuning condenser across the 
primary as well as across the secondary (Fig. 10-7). 

Ihe output voltage of this circuit will be found to vary with 
frequency according to the curves of Fig. 10-8 wliere four curves 
are shown corresponding to four different values of the coupling 


Pia. 10-6. IdHiil Htiapo of 
rssoiiiincc curve for liigb 
fidelity and liish Bolec- 
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coefficient k, (k — M /-s/lH^). It i-i assHmed, for simplicity, that 
primary and secondary are tuned to the same frequency, tc, 
I/iCi = LiC}, jiTid haw tho eame Q, (Oi ~ Or), a condition com- 
monly realized in prnrtiee. 

At a low value of k the roaponac curx'e is similar to that of a 



Kio 10 7 UaUio-fr«qucncy amplifier uiih lund-paM filter tn the output 
circuit 

single tuned circuit (curve k,y. Increasing k mil at first result in 
uii iiicreuso in the output volUigc ns m curve ki As k is further 
inumnaud, a vulue m rvuclie.d at widcli tliv out put vuUiige is a ina\i* 
mum and continued increase in k will cause a rctUiction in tlie 
voltage at resonance. At the same time voltage peaks n ill appear 
on either side of tlio resonant frequency as shown m curves fcj 
and kt. 



Frequency 

Fiq 10-S Frequear.y response enrwa of two coupled, tuned circuits for 
four different values of (.■oapliii);. 

The complete solution of the circuit of Fig 10-7 i.s rather difficult 
to obtain, but the gain at the resonant fiequcncy may he found 
rather easily with the aid of the equi'.’alenl circuits of Fig 10-9. 
In Fig lU-Oa tlie liilie has been leplaircd by a constant-current 
generator tlirniigh tho USB of Nortcwi’s theorem just as wa.i dune 
for the rcsistancG-coupIed amplifier in Cliap 0 'I'lic plate re- 
sistance rp Is normally very much higher than the Impralance seen 
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looking into i.]ie iJi'iniary of the transformer and may lie neglnci.ed. 
With tills omission TlnSvcnia’s theorem may be ajoplied at the 
points AB of Fig. 10-9a to give tlic circuit of Fig. 30-06. The 
voltage of the equivalent generator would normally be written 
(— j 7 „Ej)(— .fl/uCi) but at resonance ^/uC\ = and wc may 
write the voltage as 



PiQ. 10-9. Equivalent cireiiitfl fnr ampliScr of Fig. 10-7. 


Considering, for (.he moment, only the circuit to the right of 
the points AB, we may write 

E. = (10-15) 

where Ej is the voltage induced in the coil /j- by a current Ii flowing 
in the primuiy. 

The induced voltage Ej will in turn cause a current I- to flow in 
the sp.nondaiy equal to tliis voltage divided by the secoudaiy 
impedance. At resonance the impedance is merely the coil re- 
sistance Ri and we may write 

I _ ^ _ — jailfli 
Bs Jis 


(10-lG) 
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This current will ia turn iiuluce u voltage Ei back into the primary 
equal to 

E. - r, (lo-n) 


Tlie current It flowing in the primary may now be written in 
tcrnia uf the voltages and impedances of that circoiit 

- yjr^diLiE, + El _ MO’ nmet 

’* Si li— ~ ThH, ’■ 

The reactances of the coil L\ and the condenser Ci do not appear 
in the denommator oi this equation because they arc equal in 
magnitude and opposite in nga and, therefore, caned out. 
Solving Eq. (10-18} for Ii gives 


Ii 


~M?y- 

R* 


(10-lD) 


Equation (10-10) and Fig. 10-9& aliow that Uie primary current 
is equal to the voltage of the equivalent generator of Fig. I0-9& 
divided by the impedance of the prmuiTy circuit nnd that lliu 
impedance is equal to the resisUince of the primary coil plus tiir 
reflected impedance from the secondary (uMY/Rx Thus the 
secondary has the same effect on the primary as though an im- 
pedance of {uMy/Ri were inserted in series with the primary with 
the secondary removed. [It may be shown that, If the secondary 
IS not in resonance, the impedance reflected into the primary would 
be (o;d/)*/Zj whore Zj is the impedance of the secondary circuit I 
The gain of the amplifier may now be found by first detcrmimog 
the voltage sot up across the cctudcnser C* Tliis voltage is 
giveo by 

E; ». I, « I,(_ja;r„) (10-20) 

uCi 

The amplifier gain is, thcTcfote, 

A — 


(10-21) 
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Substituting Eq. (10-19) into Eq. (10-16) and putting the resulting 
expression for Ij into Bq. (10-21) gives 

. (fiiy’ ( 10 - 22 ) 

where Qz = uI^i/Rt. 

Equation (10-22) may be rewritten by substituting the rela- 
tions M = fc-v/zTiZ^ and <i>L,/Ri = (2i to give 

^ “ w+mss 

A study of Eq. (10-23) sliows U>at t!»e gain wil! first increase and 
then decrease as k is increased from zero toward its moximum 
possible value of 1 . If the gain is dilTcrentiatod witli respect to 
k and the result sot equal to zero to find the optimum value of Jt, 
it will be found that maximum gain will be obtained for 
k = l/-\/QiQi. This value of h is knon-n as the crilical value of 
coupling, and any coupling greater than Uib critical value will 
result in a double-humped cun'o such as ki or kt of Fig. 10-8. 
If Qi ™ Qj * Q, as was assumed in jfiolting U»c curv'cs of Fig. 10-8, 
the critical value of coupling will l>c that for which k » 1/Q. 
For hand-pass operation the coupling coefficient must bo made 
slightly greater than this critical value. 

"Development of the equatiojis for tlie frequencies of the two 
peaks shoivn in Fig. 10-8 is more extensive than can he included 
here. However if k appreciably exceeds the critical value, the 
two peaks differ by a frequencj' of appro-ximatcly kfr where /r 
18 the frequency of rcstmonce of primary .and secondary circuits. 
The band width is, of course, sli^Uy greater than the difference 
between tliese two peaks and is approximately equal to 

Band width = 1 .5 (approx) (10-24)* 

Normal design would call for a value of k not too much larger 
than the critical value so as to secure a nearly flat response on 
either side of resonance, as in curve ij of Fig. 10-8.^ 

'Tor furtber design information, see Milton Dinlinl, Exact Design and 
Analysis ot Double- and Triple-tnned Band-pass Amplifiers, Froc. IRE, 
35, pp. 606-626, June, IWT. 
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Multistage AmpUficra. TTic band width of multistage amplifiers 
IS always less than that of each stage. This must be so since, if 
the gain per stage at the hi^bc^ and lowest frequencies is n times 
the tnid-frequoncy gain, the gain at these frequencies for an ?t-Kt,iige 
amplifier nill bo a". 'lliOK^ote, if the gain of the inultistai’c 
amplifiRP is not to drop below D 707 times the inid-freqncncy gain, 
at tho uppoT and lower frequency limita, we may write 

„« =. 0 707 (I0-2j) 

from which we may solve for a to give 

« = (0.707)- (10-20) 

This means that if all stages are identical, the upper and lower 
frequency limits of each stage must be at the fiequcney for which 
Ihu gam is a times the inid-frcquency gam, whore a is given hy 
Eq. (10-20). For most of the aiudysis thus fai preseuted it was 
assumed that et « 0.707 (»e., u I). 

2. POWER AMPLIFIERS 

The variations in plate current in an r-f amplifier >rith resonant 
output circuit need not be confined to the straight portion of the 
characteristic curve of tho tube as in tlie audio amplifier, since the 
output circuit is responsive to and reproduces only the origioal, 
or fiindamentnl, component. Thus harmonirs of the impressed 
radio frcqnnnoy gonemted in the tube can set up no appreciable 
voltage in the plate circuit and arc largely climiratcrl. Ihis 
makes possible the ure of amplifiers with n pulse t>-pe of plate cur- 
rent, operating at efficiencies as high as 85 per cert. Sueh high 
efficiency is of especial value in r-f power amplifiers where the 
output may tun into hundreds or even thousands of kilowatts in 
high-power installations. 

Tlie reason for such higli efficiency witli n pulse type of plate 
current may be seen frum Fig. 10-10. A aLne-wa\'B plate voltsge 
is shown (curve a), but tho plate ciirront (curve b) consists of short 
pulses flowing only during that partion of each cycle wherein the 
plate, voltage is low. Since the plate loss is equal to the average 
C6f6and since ifc i>i 2 cro at all times except when is low, it is evident 
that the pintc loss will be small. A larger output m/i.y be secured 
without sacrifice of efficiraicy by increasing the height but uot the 
width of the current pulse. Since this will increase tbe input and 
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still prevent current flow at high values of Cfc, the efficiency will 
remain higii. 

Amplifiers pulselikn plate current may he divided into two 
clnsses, designated as class B and dass C. 

A class B amplifier is defined (Appendix A) as “an amplifier 
in which the grid bias is approximately equal to the cutolT value 
so l.hat I, he plate cuiTcnt is approximately zero when no exciting 
grid voltage is api)lii 2 d and so that plate eurrcut in a specific tube 
flows for approximately one-half of each cycle when an alternating 
grid voltage is applied.’’ Such an amplifier produces a pulse of 
plate current of which holh the peak and average values are prac- 
tically proportional to the .impMtaide of the excitation voltage 
and is, therefore, tennod a h‘>tcor am’pUficr. 



lha. 10-10. lliiisI raLing (he p'nsibililica of Ion- plate loss with a pulse type 
of plnic currant, 

A class C amplifier is defined (Appendix A) as “an amplifier in 
which the grid bios is a]>precwbly greater than the eutoff value 
80 that the plale current in cndi tube is aero when no alternating 
grid voltage is applied, and so that the pLate current in a specific 
tube flows for appreciably less than ouc-Jialf cycle when iin al- 
ternating grid voltage is applied.” Sucli an amplifier produces a 
power output proportioiKil to the square of the plate tmllage, 
within liraiL.s. 

The waveshape of the plate current flowing in elaas B amplifiers 
is shown in Fig. 10-11, 'Oie current is seen to flow essentially 
only during the positive lialf cycle of the exciting voltage and to 
approximate a half sine wave in shape when n sinusoidal voltage 
IS impressed. If it is assumed to be exactly a half sine wave and 
IS aaialyzed by Fourier analysis,* the result is 

‘ See Appuadix 0, 
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J» = 0318/r. + 0 5Z„ sin at — 0.2l^I„ cos 2uC + ••• (10-27) 
where Im the peah valw^ of the. plate-current pulse. Obviously 
the harmonic content in the output of this type of amplifier is 
very largo 

Figure 10-12 depicts the plale 
current flosring in a class C am- 
plifier. It is seen to have a nave 
sltape very like the top of one- 
half oC a sme wave and if usn- 
lyzed would be found to contain 
an even greater harmnnic con- 
tent than does that uf the class 
B amplifier. 

Field of Use of Class B snl 
Class C Amplifiers. Class C am- 
plifiers ere used primarily in the, 
amplification of unmodulated or 
of f-m’ radio signals in radio trans- 
mitters or in other t 3 "pes of h-f 
equipment delivering appreciable power. Class B amplifiers arc 
used in the amplification of a-m waves, ns class C amplifiers are 



incapable of amplifying such w 
430). Thcit efficiency is lower 
than that of class C amplifiers, 
and the latter are therefore pre- 
ferred for all applications for 
which they are suited. 

YoUage amplinere may also be 
class B or C, if deaued, rather 
Uvau class A. However, such 
amplifiers find their principal ap- 
plicatinna in radio receivers where 
l\the power level of the amplified 
I pignal is so low that the efficdeniqr 
1 13 of no concern and where the ' 
1 press modulation profluced in class B 


without distortion (sec psge 
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C amplifiers would serious- 
ly impair the performance of the receiver,* In radio transmitters 
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and other high-power radio units, on the other hand, c\'cii 
an amplifier iiscil to drive anotlicr tube must usually lie designer! 
along power amplifier lines, since in such service the grid of l.he 
driven tube normalb^ swings quite positive on positive peaks of 
grid voltage and, thercToro, draws very appieciable poi^’cr. 

Typical Circuits for Class B and Class C AmpliOers. Exactly 
the same circuits are user! for both class B and class C ampHfiei's, 
the only distinction being in the amount of grid bias used. Figure 



Gridbiat Phiesvppty 

Fio. 10-lB. Circuit ot a qIdss C ompliCcr usiugscrics food, (NoutraliiitUB 
circuits omitted.) 

10-18 show's a typical circuit for triodc tubes using series pliilc 
food; t.e., the direot component of plate currant flows through tho 
d-o supply and tho load circuit in series.' A rasunaiit circuit is 
used SB the load and is tuned to tJic ficqucncy of the signal im- 



Fig. 10-14. Circuit ofaolnssCmnplifierusingpiirullelfecd. (Neut.r.aliKinE 
oirciuts omitted.) 

pressed on the grid of the tube. Grid bias is .suiiplieti by a fixed- 
voltage source (a method known as jixod-bias), although other 
methods are often used in practice (see page 422), 

A more generally used form of class G amplifier ciroint is shotvii 
in lig. 10-14. It differs from the tarcuit of Fig. 10-13 principally 
' A Dcutralizing circuit should be included when a trlode is used, to avoid 
oscillations, but ik omitted here and in subsequent diagrams to .simplify 
the discussion, Tho jiced for nculrnlUntion is analyzed and typical cir- 
cuits are presented in a later section (p. 423). 
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in that paralld foerl w provided in the plate ciretiit, the duett 
component of plate current flowing through the r-f choke L,, wliifc 
the alternating conaponent flows through the blocking comlensfr 
Cp An advantage of this type of circuit is that one side of the 
tank' inductance is grotmded to tlie cathode instead of the entire 
cull being above ground by the direct plato potential as in the aeries 
circuit (Fig. 10-13). Leas msulnlion niay theiofore be used; and 
even if an arc to ground is iuitiAled by the alternating volf.nge 
across the coil, no Bhort.-circuitii^ of tho, d-c supply will follcw 
The power suppli(»s, not shown, usually consist of rectifiers drawing 
power from the 00-cyele rnfiins. 

Wave Shapes in Class C Amplifiers. Series Feed. Since a 
class B amplifier is, in a sense, a special case of a class C amplifier 
in which the bias is adjusted to appro.Timatel}' cutoff, the class C 
amplifier will be analysed first. Figure 10-16 shows the wave 
shapes of the principal currents an<l voltages fur the series-feed 
circuit of Fig. lU-13).* A study of these curves wiU reveal a num- 
bei of iiilecesting points; 

1 Tliu plate cuneut floive only during the tunc Uiut tho plate 
voltage is ut ur near its mioimiim so that the loss on the plule is 
compatntively low. This rcstilts in an ctficic.aey, not mcludicig 
tho filament or grid losses, of 70 to 86 per cent. It also malies the 
plate current dependent almost cntirfli/ on the minimm plats 
vollng/i Cl »i», regardlcs of whether the cte^t value of the altetn.itmg 
plate voltage Ep„, is high or low. 

2. The plate and grid volti^es are essentially suiusoid.il, simic 
they are developed across resonant circuits that have a reasonably 
high Q (w here Q =- asL/lf). The load circuit presents no reactive 
component when tuned to resonance, and the grid and plate 
voltages differ in phase by eicaclly 180 deg os shown. 

3. The majnmmn posilive vuluc of the grid voltage (Cow**) 
appro-vimately eijual to the ininimum value of tins plate voltage 
(c'iimi!.). If tliB grid were icudc marc preiitivc than the plate, the 
plate-curreiit curvo would have, a dip at the top, giving it a Imt- 
shaped appearance, and the peak grid current, would be con- 
siderably increased. Tim would enuse an appreciable increase 

1 For ricfinition of the word lank, as lined here, see Appendix A, V 606 
Definitions of other unfamiliar terms may also be found in Appendi'- A. 

’ These curves are presented liere nillitfut dorivalioii to far^ianse tlic 
reader with the maoner of operatton of class C orapliQers. Methods of 
derivation arc presented in a later section. 
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in grid losses; and the plate losses would also be considerably 
incieased, since the plale-eurrent pcairs would occur on cither side 
of the minimum jrlatc voltogp where the voltage was somewhat 
above the minimum, Tims a decrease in efficiency will result if 
the grid voltage is increased mucli above tlie miuunura plate 
vollage. On the utlicr irand, reducing the maximum positi^'e grid 
voltage much below tlic minimum pla1« voltage ^vould eau.se 
a pronounced deci'eaeo in the average plate current and a falling 
off of the power input and therefore of the power output. 

. 4. Grid current flows during the time that the grid voltage is 
positive, .so that apprecinblo power is inquired to drive thu tube 
as contrasted with the almost sscro jKiwcr required liy class Aj 
amplifiers, 

The power flow to the resonant circuit is not continuous. 
Tins may be seen by noting that this power is —epU, sliou'ii as 
one of the power cuives in Fig. 10-15.‘ Power is delivered to the 
output circuit only during llic intei-val of plate-current flow, wit,h 
sei'o power output from the tube for tlie remainder of the cycle, 
On (,hc oihor hand tlic jwwcr demanded by ti»o load is ghren by 
where tiw equivalent resista.«ce prosonted by 

the tuned circuit at resonance. The curve of power outjiut de- 
termined by this relation is plotted it» Fig. 10-16 together ^\’ith a 
rcplot of the power delivered to the load circuit It, is 

evident that tlic instantaneous power dclit'ered to the loiul eireuit 
ia not always equal to 1 .hc power demanded by the load, and the 
st,ored energy in the capacitance and inductance of the t\ine[l 
circuit must supply the difTerencc. The tircsis erosshatched with 
a negatUT! slope represent the enoi-gj' drawn froin storage ; those 
erosshatched with a positive slope represent the additional energy 
delivered to the tank circuit over and aljovo the instantaneous 
load demand and t.hcrcforc put into storage to supply the output 
during periods of no plate-current flow. The total areas of each 

’ Till! aU, (’mating voltage across the tank circuit is nornmlly coiisidDred 
an aotieg in a positive! diroclioii towiinl tlic plate, ns aliinvii liy the plus arid 
mums signs in Fig. 10-13. To Rod the power otsorted by a circuit eiemejiii,, 
the voltage across its t,erniinala must ho multiplied by the current (.hut 
i!»(ers tls -pimlivc lermiual, which in this case is the current —ih. Thus the 
power delivered tci the tank circuit is ey(— *») = — «,tk. It is oljviaus that 
the same erincluaion may be reached by taking the product of tijo cvirrent 
U and the voltage of the tank circuit Mat opposes this current. This voltage 
's evidently —Cp, and the product of this current and voltage is again — e,,!:,,. 
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of tlic t^s■Q types of crossliatcUog must necessarily be equal. The 
noncrossliatchofl areas imrier tl»B corves evidenlly represent cnergj- 
dclivoretl directly from fu\>e to load without going through storage. 
This need for storage is one of the prime requbitcs of class G 



Fio. I0-15. Wave sliupes ef currents, voltages, and poucr lln>v in 
amplifier ith Bcries feed 


a class C 
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amplifierg if good wave shape is desired. If the energy stored is 
large compared l.he enei^ demanded by the load, the relative 
variations in stored enei^ throughout the ci’vle will he small and 
the wave shape of the plate voltage will Ire very nearly sinu.soidal ; 
but if the encfgj’ stored is not much greater than the demand, the 
stored cnerg,v will vary widely throughout the cycle and the wave 
shape will be poor. This will be further dcmon.st.rated in the design 
of the tank circuit of a class C amplifier presented in a later section. 

Wave Shapes in Class C Amplifiers. Parallel Feed. The curves 
for the parallel-feed circuit of Fig. 10-14 are slightly different 
and are shown in Fig. 10-17. The plate and grid voltages, cur- 
rents, ami losses aro seen to l)c the same, but tiie instantaneous 



Fio. 10-16. Illustrating tlic need for energy sleragc in tlin tank oirouit of 
a sories-food class C amplifier. 

power flow to the tank circuit is somewltat altered. Also tlie 
Currents and iej, are plotted. Tlic significance of these current 
symbols is indictited in Figs. 10-14 and 10-18. Figuie lO-lSo is 
the equivalent circuit for nKemaiing ooniponente only, where Ri. 
rejjresents the effect of the power consumed bj'’ the output circuit, 
and Fig. ] O-lSt shows direct compuiieuts only. Tlio use of arrows 
to indicate the posMtivc direction of current flow coivforms with 
the material in Appendix E. The assumed positive direction of 
current flow for 4, 4 , and h, is in accord with previous work and 
with the notation of Appendix A. The directions assumed for 
the other currents arc piirdy arbitrary but logically conform to 
the idea of an equivalent generator —pB, within the tube.’ 

‘ It may Ue argued with coiuuilcrnhlc tnjlb that Biiicc the jjlate uurrent ia 
very far from Binusoidai, it is not possible to use the oquivalont gonorutor 
thoojcra in the niialysis of class C amplifiers. It is possible, however, to 
obtain mueii information of value by con^dcring tho fundamental cum- 
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Fig. 10-17. Wave uhapeBcf cuircDta.vnltaeea.and power flow in anarallcl- 
feed class C amplifier. » «. . i t 


poncnts only of the currents snd voltagea and then applying the eiua- 
tions developed in earlier ch.apters Dy (odoineit is pussible, foceTample> 
to draw vertor diaRrams ulitfu desired and tliiia show the effect of phv'C 
shift and other factora. 
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The power deliverod to tl\c tanic circuit of a parallel-feed ampli- 
fier is e/cj. (the a-e drop through Cp being normally negligible), 
and the power output is again Cp'/R^, where is the ec]ui\'alent 
lesistancG preaGHtcd by the lank circuit at resonance. These 
two cunes are shown in Kg. 10-19, where the crosshatching has 
the same significance as in Fig. 10-10. In this type of circuit the 
flow of power to the tank circuib is much mote uniform than in 
the seiie.s-feed circuit, owing to the energy storage in the blocldng 
condenser and choke. 

In spite of the difference in the nmnucr in which cnerg}'^ is sup- 
plied to the tank circuit in scries- and paralJel-fccd circuit.? the 



(» 

Iko. ID-IS. 12quiv;tlcnt circuits of Pig. 10-14; (o) is for ivlferiiatinK uom- 
pouents only ami (t) for llw direct componenis. 

performance of the two is virtually the isamc; and although the 
remainder of the discussion in this cliaptcr will be confined almost 
entirely to the more commonly used parallel-fecsd cireuit, the 
equations and conclusions will apply almost equally well to those 
employing aeries feed. 

Power Required to Drive a Class C Amplifier. Tho instantane- 
ous power Pjr supplied to the input circuit by the dviviug source 
is equal to the product of the voltage of this source e„ and the 
current flowing ic, or ■ 

Pdr = = (c« - - Esi, (10-28)* 

The term Ccic is tho instantaneous power absorbed by the grid 



404 


HADlO-h'REQVENCV AtirUFTEKS 


ICiiAr 10 


losses; the term (— -2'c**) is the instantaneous power absorbed by 
the grid-bias sourre. Tlint this term represents poiver absorbed, 
not delivered, may be seen by recalling that E, is always negathe, 
fit) that the iiumeriivd vnhie tjf the term in the j)iirniithcscs is posi- 
tive, denoting the absorption of jiowcr. Tljis conclusion may 
also be reached by noting that the flow of gnd current is in such 
a direction as to chaige any battery that might be used for grid- 
bbs purposes. Therefore the driving stnirce for a class C amplificp 
must have sufficient power capacity to supply both the grid losses 
and tho power absorbuil by the bios source. 

Design of Class C Amplifiers. Eject Method. Unlike class A 
amplifiers the d-c power input to class C amplifiers s’ancs with the 
output, and it is pos-sibie to adjust the loa<l resistance and the d-c 



potentials to givo mavimiim cfRaicncy. Since the principal reason 
for using class C amplifiers is the higher efficiency obtainable, it 
is desirable to determine the operating conditions for masimum 
efficiency at any given power output. No simple set of equations 
can be developed tovranl sudi a solution, since the plate niircat 
is nonsinusoidal (Fig 10-12), hcnccocut-aud-try method must be 
used. Tlie most tlinroiigh method of handling llii-j problem is one 
in which the solution is obtmniMl directly from tlio static char- 
acteristic curves by stop-by-slep metliods.' A number of diflercnt 
combinations of the independent variables arc selected, the ncces- 

' For a detailed discussion of such a inetbod, sec D. C. Priocc, Vacuum 
Tubes DS Power OsriHatois, I'joc pp. 2T&, 405. 527, June, Aus,u»t. 

October, 1023: also. D. C. I’nnee and F. 11. Vo^es, Vncuum Tubes as 
Oscillation Cenetatora, On. Elec Rte., SQ, pp 320, SOI, June, October, 
lQ27:and 31, p. 97, February IMS. 
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sfLiy coroputatiuiis performed, and a set of u^u•^'es plotted from tlic 
results. Tioni these cun'es correct n1tcrnal,it)g and direct lube 
voltages may bo obtained to give any desired output at maximum 
cfheienoy. With this information (he tank-circuit- desigir may be 
carried out in accord with the material beginning on page 414. 

An exact .solution is seldom used in pmctice, ns it is extremely 
laborious, and approximate methods give results of sufficient- 
accuracy for commcvcinl purposes. 

Design of Class C Amplifiers Using Triode Tubes. Approxi- 
mate Method.' An approximate design of a clasts C amplifier may 
be facilitated by assuming (he plate-current pulse of Fig. 10-17 
to be a portion of a Bine %vaTO of the same frequency ns that of tho 
driving source. Wngener has siiown, by analysis of tire actual 
plate-current pulses of n number of typical amplifiers, that- such 
an assumption docs not introduce very appreciable errore. Such 
an assumption permits computation of tho rat-io of tho peak cur- 
rent to the average (or du'ecl) current and of the fundamental 
con5]5onent to the avoj'i^ current for variousangular widtlis of the 
pliite-cuiTont pulse, using the general method outlined in Appendix 
C. The results of such an .analysis are shown in tho curves of Fig. 
10-20, and the significance of the angle Op and of the peak plate 
current hmm is indicated 5n Fig. 10-21. Tho fundamental com- 
ponent of current f, in Pig. 10-205 is given in rms values. 

The gl'id-curront pulse is somewhat diffcrcnl in shape from that 
of the plate curi’enl, and Wageuer has shown that it may be as- 
sumed to be a sinc-squared function. Under this assumption 
it may ho analysed in the same maimer as wua the plate current, 
and these results are also plotted in Fig. 10-20, with the significance 
of the terminology indicated in Fig. 10-21. 

It is no'v possible to c.ariy out a very satisfactory design with 
Ihc aid of the cumis of T^g. 10-20 and of the static charactoristic 
curves of the tube. The procedure calls for assuming an angle 

‘A number of upproximate methods have boon tiovoiojjcd. Tlio one 
presented here is essenlinlly that proposed by W. G. Wagoner, Simpiified 
Methods for Computing Terfonnance of Transmitting Tubes, Proc. IRE, 
25, p. -J7, January, 1937. For other inethodii bug I. E. MnuromtaclT and 
H. N. Koznnou-ski, Analyds of Uto Operation of Vacuum TuIies as Class 
C AmpHfiers, Proc. IRE, 23, p. 752. July, 1935; Frederick Emmons Terman 
and Will,CT C. Hoakc, Calculation and JJesign of Class C Am|>lifiers, 24, 
P- 620, April, 193fi; and W. L. Evorilt, Optimnm Operating Cooditions for 
•Uasa C Amijlifiors, Proc. IRE, 22, p. iS2, February, 193-1. 



I'm IO-2f( Curvpshrised OB the Fourier scnea Jiiaijsit of throrctisa! 
and Kiid -current wave ehnpes, as developed by AVnRonar (/, and I, are in 
rms values ) 

6, and a direct plate voltage and curntiit to give approximately 
the desired output n'itliin tlie liinitK nf thii tube ratings After 
the design is completeiJ for a given 6f if the output, efficiency, and 
driving power are not as fhsired, a new value of 0f may be as- 
sumed and the design nnvorlred untdl the results are satisfactory. 
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Thus the assumption of involves more of a ciit-aiid-t.iT;'’ jiroeess 
than an oiii^and-oufc guess. Tile angle 6p shoiilfi he somewhat, 
lass than GO deg if the tube is lobe a dass C amplilicr but not too 
imioii less if lou' di-iviiig power is desired. About 75 deg is usually 
a good tailue. 

It is also possible to lopeat the design for other vnhuM of direct 
plate voltage and plate current to secure (.he IwBt result.s. How- 
ever the direel; plate voilnge is usually mailc iHtarly eipial to l.he 
maximum rating of tlie tube, as in- 
creasing the plate vollnge always 
results in higher efficiency. As 
to the plate cuiTcat, there is 
usually suincieut latitude due t-o 
variations in individual tulx; «huv- 
actoi'iatica and the possibility of 
minor ndjiial.monts in the com- 
pleted eireuit to make uiiae(».s- 
sai-y more l.han one or two Iriats. 

Thiistlie procedure usually caIIk 
for a plate voltingc ns near to the 
maximum rating as the available 
plate 8uj)j>ly will permit and a 
direct plate cuvrent that will give the dcfsired out.put. \v5t.U an 
cflicicnoy of the order of 76 per cent (a reasonable figure for class C 
operation) except that the plate currout must not be so large as 
to cause pkla dissipation in excess of tho tube rating. 

Having assumed valt!e.s of Hb, h, Op under the limitations of 
f.ho pi ficoding paragraphs lire .steps to he followed a re : 

1. The pcalv plate current is found hy multiplying A by 
llic ratio lead from tlie curve of Fig. 10-20n for tho assumed 6,.. 

2. 'J’he ininimuni plate voltaf^ (o&nin)i and the imixiinum posi- 
tive grid \’oltage (Cc him) must be appro.ximatcly equal in trioilo.s 
for most efficient operation.’ The coiTecl voltages are found 
from the st.atic cliaractcristic curves to give the value of 
obtained in step 1, 

3. The alternating plate voltage is found by’ noting from Fig. 
10-15 or Fig, 10-17 that }S,p, = £* — Ctwiji- Multiplying Ep„ 
by 0.707 gives Uve rms plate voltage Ep. 

' Strelho diaciiBHioii ofKig. I0-l£on p.398. AdiscuMion ot those voUngeB 
i" ponUiiles is given im p. 413. 



Vio. 10-21. Section of the plato- 
and grkl-eurroiit uurvpR of a r.liiRe 
C ainplificr Imlioatiiig llie sigiilfl- 
CAiicc of the torminolOK}’. 
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4. The rms jilate ciirrenl is found l>y multiplyiug by the 
ratio read frcpm the eurve of 10-206 for Uic assumed Cp. 

5 The power output from the tube is /*« = 

6. The power input to the plate is P, = B»2t. 

7. The plate efficiency = Pc/P,. 

8. The grid bias is computed by means of on equation involving 
previously dnlerminwl factors To derive this equatiun eonairior 
Fig 10-22 which is a seetttm of the plate- and grid-voltage curses 
of Fig. 10-15 or 10-17 svith tlie F axis placed at the point of mini- 
mum plate voltugc to currespond with Fig. 10-21. The angle 8, 
is the angle at which the grid current drops to zero and is, there- 
fore, equal to that value of wt at which the instantaneous grid volt- 



Fio 10 22 Section of the plate- and erM-vnltas;® Mirvee of a olara C am- 
plifier indicaticfr the a>j;aificaiice of the terattuoloKy. 

age is zero, since no appreciable grid curreut will flow with a nega- 
tive grid voltage. Tlic an^c. P, is the angle at which the plate 
current drops to zero and is somewliat larger than 9,, rince the 
plate current will not go to zero until the grid voltage is equal to 
its cutoff value, or 


M - -5^ (10 

P 

where Crt and Cw are tlie values of e. and c* , veapcetively, at «( = 
Oy. Since + Ep„ cos u>t aud et, = Eb ~ Epn cos ut, we way 

also write* 

Cc* *= -h C03 0 , (10-10) 

Cm = Pfc — Bp,. COS Op (10-81) 

ti, r-onfomirofiir. 

n,Ic^ 
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which are tlie equations of tlie instantaneous grid and plate volt- 
ages at (ill = Op. 

We may also wiitc from 10-22‘ 

(10-32) 

Bom ^ Be (10-33) 

Substitution of lilqs. (10-32) and (10-33) in Eqs. (10-30) and 
(10-31.), to eliminate Bpp, and.Ss"<s ““d substitution of the resulting 
values of a»id in Eq. (10-29) will give an equation that jnay 
iia solved for Bp-. 



All the terms on tho right-hand side of this equation arc known from 
preceding stops, so lljal /?, may be eominitc’d from this equation, 
0. The alternating grid voltage may now be determined from 
Eq. (10-38), the rms grid voltage B, being 0.707 E,m. 

10. The grid angle 0, must be dclernuncd. Since the grid 
age is aero tit ut « 0* (see Fig. 10-22), wc may write tho gj'id- 
^’Q[tagR equation for ul «■ as 

™ Be + Bpm cos Of — 0 


cosP, = — (10-35) 

The angle e„ may be found fmra tliis equation. 

11. Ttic poalr grid current ?*m.x is found from tho stat.io char- 
uelevistio cuiwes for the v.ahies of a and c* mn* found in sf ep 2. 

12. The direct grid current le is found by re.ariiug the ratio 
t'-a.JIc from Fig. 10-2l)a for tho value of 0, found in step 10 and 
then solving for le ■ 

13. Finally the grid driving power must be determined. It 

' It iniost bci ompinbcrcd that in Eq. (10-33) the Mas voltage is iiiiinori- 
fljilly negative, so that althongh is ncluaily the miinorioal sum of tho 
otlii'.r two voltages as indicated by Mg. 10-22, it must bo oxpreased as tho 
algebraie diffcraiicc! in Eq. (10-33). 
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may be found from Eq {10-2S)’ or it may be found by noting that 
ull tbou'C pouer for driving the grid must be supplied by the source 
of alternating voltage impressed befcweuii {^•id mid catliode From 

Figs 10-13 and 10-14 it may be seen that this power is equal to the 
product of the altemaring grid voltage and current or 

Pi, = EJ, (10-30) 

The voltage Eg was found in step 9 and 2, may be found from the 
upper curve of Fig. 10-20h 

ETample. Aa nn example of the forpgoSng dciign prcecdiirfi assumn! thit 
an amplifier is ta bo desijcaed usinc an 833 tube The loaximum rating! of 
this tube, when used ae a olaee U aoiplificr without iiiodulatioo. are gixco 
by the manufacturer as 

E, - 3000 volte, E. - -HID volts. - fiOO ma, /, •• 75 ma 
Plato ritasip.itinn -• 300 watts 

Asaumr* that the tuho «s to be operated at 3000 volts n ith the maximiim 
output ubtamaMe mlbout exeoedinti llio [>l:ilv duiipatioii 4t an effi 
r.ieney cf 75 per ernt the input power far 300 watts Jiesipitmn w oulcl be 
ISOO watts, requiting n plate current of 0 4 amp Let this be the aMumed 
plate current, ucU let thu angle t, be 75 deg 

Step 1 From the curve of Fig 10*20^, is - 3 5 Therefore ttmii 

-3SX04-1C2 nmp 

Step 2 Tbc static cbaractcnstiecurveiSOf&nSSS tube arc given iuFiks. 
10-2.1 and 10 2+ On the plate-c'irrent characteristics nf Fig. 10-83 a curve 
lias been drawu w'bioli is the locus of currents for equal grid uud plate vnlt* 
ages (Cft >■ s<) Since ctnm ~ e. m,,, thnse tnn vnlvigcs may be read frum 
this locus curve for a current of 1 62 aaip and are found to be 160 voile 

Slep 3. E,-C 707(3000 — tOO) - 0 707 X 2510 - 2000 volts 

Step 4 From the curve of Fig. 10 20& /»//» = 1 10 Therefore 1, = 
1.19 X 0-4 «- 0 470 amp 

5l£p 5 Po » 2000 X 0.176 « 082 wntts. 

Step 6. r, - 3000 X 0 4 = 1200 watts. 

Step 7. Plate eflicicncy = X 100 ^ FJ C per cent. 

- -VMV 

' Fnr nno method of solutinn, see IT”r^ Thomas, T>ctcrminalion ol Grid 
Driving Power in Itadio-irequency AmpIiGcrs, Proc. JPE, 21, p 1134, Au- 
gust, 1933 
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Step'J i:, - 0 7(l7(lfW + Iin - 0 707 X a»l - 215 YOlU 

Step 10 CDS Cj - --^^p "•<> '*< “ filStli-B. 

Step 11 I'rofU tilt* Kr»l-CMrmit Mntip clitrActrriRlie currca nf Fi(>. 
10 21 tlic j)<.‘Ak (■rid riirmit u .m* I't (oiinil fur — ir<0 itml e,m,M IW. 

It 11 (I -1 1 iitn|> 

^7f;l 12 /. a 0-11 57 »■ HOT? atnti, iili<>re 57 ii otitnineil from Kig 

10 2(kj 


V'p': 

;!P 

|l=o 

:i! := 


'• I i«‘-- •:! 

: i 

ill: 

“tn 


id 






I'lC 10-21 Static cliiiiiieCPrtKtie cnncs u( ait tube. Rrici currc-nt. 

Step 13. 7, = 1 31 X 0 077 = 0 |Ol aiap. wliore I 31 i» ol.t-imcd from 
I'lg, 10 20&- Tlicrefore, I\. *» 215 X 0 101 -• 21 7 iMitls 

Tlic plale iliisi|i ilinn is tlic cliffeieiicc the output of 0o2 »»tts 

and tlie input ot 12 IM) sue] is lu-s tlian the iiiiiimuui pcrmisiililc dis 

Bipation Iiir lli'is tube. U would, Ihripfore. be juisBilile to mlrsipt Ibc 
aninJificr usiiiK n Bliglitb’ hisber direct piste current and so meresac its 
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The direct grid current from step 12 is alittJe Kreiiter Ihnii the innximum 
rating. Tlicorcticaliy this sixmld require a slight docicasc in tlic d^i^•ing 
voltage El which will in turn decrease tlic power output. Actually the 
direct current and driving power of a tube varj' rather «i»Iclj' in pi';ictioe 
owing in part to the wide range of impedance found in j>ran,lica1 driving 
circuits. In general, cuinputntioiis of grid ciiiTeiil. oiid driving power by 
tivis method give icsults that arc too high, being fortunately the desirable 

It may be of interest to repent this esaniple for another mine of 
A6SumQl!,= C5 dog using the same vsdues of inland f». The results of each 
step are given bele^^•. but the actual computations ni'o omiMod for brevity. 

Step I- I'i niAi = 1.7 amp. 

Step 2. Cl, min “ m«» ■“ ISO volte. 

Step S, E, =. moo mils. 

Step 4. },, = 0.407 amp. 

Sfcp 5, P> « 090 watts. 

Step 6. Pi - 1200 watte. 

.Step 7. Plato cflieiency •• .S2.fi (ler cent. 

sups. Be B —222 volte. 

Sfcp 9. Ee » 2S6 volts. 

iSfep 10. Og B 50.5 deg. 

Step 11. i'<o» " 0.48 amp. 

Step 12. I, » 0.070 amp. 

iSfeplB, /V = 29.9 watte. 

A coinpiivisoii of tlieec rcsulte witii those for 0^ b 7S dog Bhotvs tho alter- 
nating plate voltage to be virttially unchanged. Tliia is olianictoHstic of 
class 0 nmplillers because the minimum plate voltage eniiiiot vary widely 
witheiit onuslng a very large change in plate eunent. Cl'liu plate curront 
flows only at or near the iltm- of inininuun plate voltage, and its arnplitudo 
Is therefore almost directly pi-oporttoual to Also- the output is 

seen to have increased sliglitly with an appreciably liiBlicr ofTicicncy. The 
elTiciRiiry is ahv.ays increased by a decrease in tho hurIc since this de- 
creases the average plate voltage impresscrl during the cQii<lun(ing period. 
At the ajime lime the paak plate current it i»»^ and tlio driving power Pjr 
are increased. Tlie increase in driving power is particularly bad .md may, 
make the use of a larger angle 0, preferable, even at a sacrilicc in officiicnoy 
to keep the di iving power within dcsiied lirailB. 

Design of Class C Amplifiers Using Pentodes and Tetrodes.' 
Thti foregoing appraxim.ite desig;n procedure ina.y be ajfpiioc! to 
pentodes and tetrodes with a few minor modifications and will 
give reasonably accurate results. In step 2, ct mm in pentodes is 
made only slightly mom positive than the suppressor grid poten- 
“See qIro T. K. Tcrmnn and J. H. Perns, The Cniculatioii of Clnsa C 
Amplifier and Haniinnin Generator Performance ofScoiOn Grid and Shiiilai' 
Tubes, Proc. IIIE. 22. p 350. March, 1934. 
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tial (whin)i is commonly sightly positive with respect to the 
cathode in pentodes tor rhit» C Sttivwk;}. Movb particndarly 
fa min should be equal to the lowest volhaRc at which the plate 
current is still nearly independent of changes in plate voltage, 
For the pentode to nhich the curves of Fig. 949 (page 334) 
apply, fa nin should bo about 00 volts (the Biippiesisor voltage for 
this t.Tihn was zero). The gncl voltage Cauax sliould then be made 
sufficiently high to cause the desired 4 b>,x (found from step 1) 
to flow. 

In step 8 the cutoff TOllage e.# in a pentode is equal to 
wliere JS»i h tlie scieexv-^d voltage aivd \Xtn , » the luu faidov nf thr; 
screen grid relative to the control grid mth the plate current hemg 
held constant Sub'shtuting t*iis relationship and that of Eq 
(10-33) Into Eq. (10-30) gives for (he grid bias 

E. = ?? (10-37) 

The mu factor ii„» is not usually given in tube-data sheets, but 
the cutoff voltage —Ea!».ob may be estimated, with some degree 
of accuracy, from the static oharactcrisUu curves by ussumiiig the 
dyuumic curve to be leaKouably Klmight. 'I'hiis in Ftg. 0-49 the 
cutoff voltflgo would bo about —35 volts if the curves for the 
various grid voltages were equally spaced; t.c., if the djuiamic 
curve were straight. 

Similar relations hold for a tetrode o.xcept that the minimum 
plate voltage should be slightly iiiore positive tluan the screen grid, 
Tfithcr tliiin the siiiipressor. 

Design of the Tank Circuit to Produce Correct Plate Voltage. 
The alternating plate voltage computed by the method of the 
preceding sections must be secured in an actual amplifier by proper 
design of the tank circuit, » e., by choosit^ suitable values of i/, 
C, and Rl (Fig. 10-18). This design may be carried nut ivith the 
aid of the equivalent a-« rarcuit of Fig. lO-lBa, for which 
L = inductance of tank drcuit 
C = capamtance of tank circuit 

Rl. ~ equivalent series resistance in laiilx ch'cuit representing 
both power output ami uiil lossca 

We may now write 

P„ = l^Ri. (10-38) 

vherc It is the rms vnlue iit tlic eiirrcnl flowing llircniEh the tank 
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from the amplifier specifications or maylse compufed b}' the tlcsign 
procedure of the preceding sections, except Q. Tlic term Q es- 
twnljally dclermines the wave Urape an<l stability of the amphiscr 
imei must Li! uhoseii Lo lit the conditions under \vhicli the anipliRi?r 
is to operntr. It is nsnnlly ehosen by rspuricnco, lioing about 
12 to 16 for highest cfTieieney witli rc.is<*nnbly pood wave shape, and 
somewliat larger if very good waTC fdiapc is desireil at some sacri- 
fice in efficiency An analj’Sis of its effect on wave shape is given 
in a later section, page 419. 

Energy Storage in Tank Circuits. The firml design of the tank 
oircuit will also depend tipon tlio amount of harmonic content 
that may ha pormitfed, which is in turn a. funetion of the total 
enarg}* atoicd m the tank Indiietanee and rapncitancc. Figures 
10-lG and 10-19 showd tkat the wtppjy of power to the tonic 
cirouit by the tube eras periodic and that some of the output 
roust bft supplied from storage during certain portions of tiro 
cycle. The effect of this storage may bo Jikered to tho effect of 
energy elunige in the fiyuliccl of a rccipiuuating engine. In 
such an engine the constiiney of the angular velocity of tho drive 
shaft, and therefore, the purity of the sine-wave motion of the 
eiossliead, is a direct function of the sice of the ilywheel. Simi- 
larly, the amotmt of energ)- stored in tlic tank circuit of a cl.a« 0 
amplifier determines the purity of the output wave. In particu- 
lar, as illustrated moiv fully in the two viisiiing Bi!Ctiau<, the energy 
storage must e\ceetl, by an iijipiveiabte amount, tho cnergj- di^i- 
pated during a cycle if tlic wave .shape is to he sati-ifnrtory for 
iinist jRirposcs 

The total energy stored in the tank circuit is tlio sum of the 
storage in the indvictancc ami in the cap.icilancc, or 

Stoicd cncigj' = (10-45) 

where J| = lank curient lliiciugh the iiirlnctiuu:(; 

e, — Toilagp. aoTiv^ tank cueuit ticlnccn pnints n and b, 
Fig. 10-18, lieing equal to Cp for most practical purposes 

Tf the energy stoiage is sufficient to keep the harmonics small, 
the volt.age across the conden-ser is (wisentially sinusoidal, or 

c, «=E„ain«ot (10-10) 

'Llie current flowing through the tnuk induel.amro is found by 
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dividing f.liiF voltage by the series impedance of L and R,. (Fig. 
lO-lSfl). In a properij' designed tank circuit Ru « and ^vli 
may write 

i, - eos uj (10-17) 

UgL 

n'heie the minus .'(agn is used bRcansc the currenl. in an inductive 
circuit lags the impressed voUage. 

Subatituliiig Fqs. (10-40) and (10-47) inU» Eq. (10-4o) gives 

Stored eneigy = ^ (lO-dS) 

At resonance vuL ~ l/w#C, and suhstitutiiig the ^mluc of L, oh- 
fjiined from this relation, into Uic preceding ccjua(.ion gives 

Stored energy » cos'wnf -I- siiv’wof 

« 5^' = CE,^ (lO-iEl)* 

from which it is apparent that the stored cnoigj' is increased bj' 
using a larger condenser in the tank cii-cuit and, therefore, to main- 
tain tho same resonant frequency, a smaller inductance. 

The energy storage should be kept as low as possible consistent 
with securii^ the cksired purity of output wave, since aHjinoreaeo 
in lanlt current and, therefore, an increase in tank' coil losses al- 
ways accompanies any increase in onergj^ storago. Increased 
coil los.s neces.snrily lowers the o\'er-all efficiency of the amplilior 
and should be avoided a.s far as possible. 

Design of the Tank Circuit to Secure Sufficient Energy Storage. 
The problem of dcsigoing the lank circuit to secure suHicient 
energy storage may be liandled in a number of ways. A logical 
procedure is to supply stoi'an^ sufficient to keep tlio second har- 
monic voltage within a certain percenteigo of the fundamental. 
To carry out this method of attack it is first ncccssai'y to dcLer- 
_raine t!ie impedance of the tank circuit at both f j'cquoncies. 

The impedance of the tank circuit at any frequency oi/2v nia37 
be dcterrainecl by writing the impedaiuje Z between points a and b 
of Fig. 10-18a as the reciprocal of the sum of the reciprocals of tlie 
impedance of the two branches ctf the tank circuit 
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If to = 2 ioq (where; is 2r times the frequenfy of rcsDnnnce) Eq 
(Ifl-.'iQ) givos for tiic imprttiuicc to tlic second harmonic 



(10-51) 

I -i-fiatRr.C - -iat^LC 

But nt resonance a^L = l/a,0, or 


^ a^h 

(10-52) 

Substituting this value of <7 into Eq. (10-51) gives 
_ lit + .f2u»aZ/ 

* ~ ^ 

(lO-fiS) 

or 


2^., 

Hie magnitude of Znv,> is 

(10-54) 

n r . / + 4wc,* Is* 

wz.* + w 


and since looL S 12/?£ in ftpropcily flosignwl amplifier, thn /ft* terms 
may Lc neglected Equation (10-54) may then be rewritten by 
neglecting the Et lemvs 


(10-55)* 


Tn a Rimilar manner the hopcdance at m rruty be found by le- 
placing to in Eq. (10-50) wth at and simplifying by the further 
substitution of Eq. (10-52) and by neglecting, the Ru terms. 
This gives 

Z,.., = (10-56)* 

The absence of a reactive term in Eki. (10-50) shows tliat the tank 
impedance is purely resisth'e at the fuiiclamental frequency, a 
natural result of operating the circuit at resouiince. 
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The voltiige set up neross l-he l-ank circuit at, the frequency of 
the fuiiilumcntal is eqtial to the product of the fvindamGntal com- 
ponent of the plate ciuTcnt times iJie impedance of the tank circuit 
to the funclamcntal, or, in magnitude only 

Ai... - OZm = (M’S?) 

lit. 

and the voltage act, >ip at the second hannonic of the imijressed 
frequency is, in magnitude only 

U (10-58) 


'vliere o is the ratio of the magnitudes of tl«c sccond-harmonio and 
fundamental components of the plate cutTeiil., and is tlie funda- 
mental coinponent, Ixt fc be tlic ratio of the magnitudes of tli.e 
SGOond-liarmonic ai>d fun<iamcntsil romjmnents of tlic voltage 
across the output circuit; Lc.., It. *= Then 


TaunLIp/S 2(1 Ri, 

‘ ~ {s»^Lyi,/R,. “ 3 «.,// 

I’his equation may bo solved for woI'/f2i. =® Q U> givo 



(lO-fiO) 


( 10 - 00 )* 


The value of h requir(»d to give the correct plate voltage with 
the given harmonic content may now be determined by substitut- 
ing Kq. (10-GO) into (10-43), since all terms in the latter equation 
were known except Q and L. C may then be determined from 
Eq. (10-44). 

The blocking condenser Cp (Fig. 10-14) need be only of eulTicicnt; 
capacity to cause ncjgligible drop in, voltage between tlie plate of 
the tube and the tank circuit. Similarly, tlio I'eactance of the 
choke Z/x need be only large as compared with the impedance of 
the tank circuit at the fundamental frequency. Conse- 
quenlijr, no special design piticedure is required for l.heir evaluation. 

Signiflcmice of Q in the Design of Class C Amplifiers. The 
facto)- a in Eq. (JO-60) is a function of the wave shape of the plate 
curient and is nearly tlic same for all class C aanplificrs no matter 
what may be the [rcrceiitago of second Imrmonie in the output 
circuit. Tims Q is a direct measure of the harmonic content in 
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the output volta^®) it fc’ common practice to specify the mini- 
mum 0 that trill maictnin the harmonic content within the de- 
sired limits. Moat amplifiers are, therefore, designed not by 
deteimining Q from Eq. (10-60) but by specifying Q from experi- 
ence records. A minimum value for Q may be said to be about 
12.5, which corresponds roughly to a harmonic content of 3 per 
cent, but Q may be made much larger where purity of wave is 
essential.* 

Another concept of the factor Q is formed by taking the ratio 
of the energy stored per cycle to the energy dissipated per cycle. 
The energy stored was given by Eq (10-49), while the energ3’ dis- 
sipated per cj’de is equal to l!Ri. multiplied by the time of 1 
cycle, l//a. 

Eiterf g stored per cycle _ CEt nnnil 

Energj' dissipated per cycle I?Rt,/fa ^ 

Wo may also write Et = wt,LIi (neglecting tbo small elToct of Ri.) 
and C = i/ucL from Eq. (!0-52). Tbereforo Eq. (10-61) may 
be reduced to 


Energy stored pet c^e _ ^ ^ (10-C2)* 

Energj* dissipated per cycle 2tRi. 2t 

This equation shows Q to be o weasrure qf the rntio of the energy 
stored to the er\crgij dissipated per cycle, a concept of considerable 
usefulness. 

Q may also be expressed as the ratio of the circuit volt-amperes 
to the circuit watts. We may write 


— mZ/ tsTtl* 7?Z 

^ “ ST “ rH? ~ tT 


(lO-CS)* 


where Ef » volt-amperes in circuit 
11’ = watts output 

Example. Suppose tliut Ike tank, circuit ut u class C amplifier is to he 
CcsiKiiecI (rum tlie sulutieu lor tke S33 tube {page 410) using 6, = 70 deg. 
It ill be assumed that Q = 125 siiD give satisfactory wave shape Sub- 
I Values of 0 o! less than 12 5 may be necessary in certain cases to avoid 
phase shift uf the side bands at the iugher audio froquencics, ns a ben feed- 
back is used. In Bueb cases barmocwfilteretauBt bo inserted in the output 
to purify the nave. 
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stituting the values of Pa and nompittcd on page 410 into Eq. (10-42) 
gives 


r (2000)* 

052 X 12.5 


= 33G ohms 


which, from Eq. (10-52), is also l/moC. 

The impedance of the blocking condenser sliutili! be small ns compared 
with the imperhvmu: of tlic tank circuit at resonance, l>ut the reactance of 
the choke should bo large as compared with this impednacc. From Eq. 
(10-56) the tank circuit hnpedanec is (aaLY/Fi- = ‘JsbQ, or 

= 336 X X2.6 = 4200 ohms 

Tbs rcaclauco of the blocking condenser sliould not bo more tlmii about 
10 per cent of this resistance, or about 400 oluns, and the rcnctiinco of tho 
clinku should not bs less Umn about ten times Z(v«} or about 40,000 oinns. 

If thofroqueiicj’at which thcampliftoris to operate is 1000 Tto, tho cupnd- 
tanoes and inriuataneci, of the circuit may besolvod for 

L - X 10* = 63-5*.!i 


StIO* X 330 

5 o las^v^ jftf. ^ 5 400p/<f 


I'. 5 


40,000 

2»^10* 


X ID* 5 e.4inh 


Approximate Solution for tlie Tank Circuit of Class C Amplifiers. 
Many lime.? only a very npproximate solution of tlio class C am- 
plifier ia desired, as in the design of lahoratoiy amplifiers or where 
the power output is low. In such cases final adjustments can he 
made experimentally after Uhe amplilicr lias been built, and only 
a verj' approximate defemination of tiic tank coil and condenser 
is required before building the amplifier. 

As in the design procedure outlined in the section beginning on 
page 40.5 vn shall .assume that Uie direct plate voltage and power 
output are known. Starting with the direct plate voltage we can 
make a fair estimate of the aitemating plate voltage by noting 
from Figs. 10-15 and 10-17 that the minimum plate voltage is 
quite small and that the crest value of the alternating plate volt- 
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age is, therefore, nearly equal to llie direct plate voltage. Since 
the minimum plate vuttage ia given by 
= E^- E„ 

it 13 numerically equal to the rlifferenee between two large numbers, 
and a small change in wMl uuisc u large change in . As 
stated m item 1, page 398, the plate current Ls nearly proportional 
to nin *=10 that, a f<raall change in Ep^ will ennse a large change 
in plate current anri therefore in power input. Hut the power 
input cannot vary widely for a given power output, and we mvist 
conclude that Bf„ j 3 nearly constant regardless of the load. We 
may, therefore, assume that the crest value of the alteioating 
voltage 19 about 90 to 95 per cent of the direct plate voltage under 
all conditions of normal operation (In the examples on pages 
410 and 413 it was slighth’ less than 95 per cent.) The rms value 
may be computed from the crest value and inserted into Eq 
(10-43) along with the power output and estimated value of Q 
The solution obtained in this manner mil be satisfactorj' for nearly 
all cases except those in wliich L must be predetermined to a high 
degree of accuracy, os m higli-power aniplijiers where the invest- 
ment is lai^e. 

Sources of Power for Class C Amplifiers. Plate power for 
class C amplifiers may be supplied by a battery, a generator, a 
rectifier operating from tlie 00-cycle mains, or even directly from 
a 00-cycle source without xectirication. In the last case the tube 
will produce an output only diuiiig the puriods of positive supply 
voltage. The anaplifter out3rul will therefoie vary tlrrcrughout 
the cycle of tlio a-c supply, being sera for the negativu lialf cycle, 
increasing to a nia\iniuiu duriiq' tlie first liuU of tire positive half 
cycle, and then decreasing agaui tn aero An output wave of 
this form tunes very broadly and w oliienvise unsatisfactory ; an 
unrectified a-c plate supply is tlun^fora used only in emergency or 
for special applications. 

ItectiSers are most commonly used to supply plate potential 
and may be built to satisfy a wide range of power and voltage 
reriuiremeiits Their design was taken up in detail in Cliap. 7. 

Grki bias is normally obtained from u constant voltage source — 
as n generator, battery, or rectifier — (known as fixed bias); from 
a c-athodc resistor as in Fig. 9-39 (page 321) (known as cathode 
bins ) ; or by means of a grid leak (Iniown ns ffrid-Jeab bias) Tet- 
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haps the simplest of these is the grid-leak mclhocl iii which 
a siiif.ahle resistance is comiccled iu series witli tlie giicl, as 
i?„ in Fig. 10-25, thus causing the leetified (ov direct) component 
of grid current to produce a direct voltage for ijias pnrpoKP.B. The 
resistance should be by-passed by a condenser of such size as to 
offer low impedance to the a-c excitation and thus maintain con- 
stant voltage across Rg throu^ont the cycle of grid cxcitai.ion 
voltage. (T!ie actual grid-current flow is of course a series of 
pulses, na shown in Figs. 10-15 and 10-17.) Slicli a resistor pro- 
duces a bias that is a function of the excilation voltage, and any 
cliuuge in c.xoitation is therefore accompanied by an anlomatjo 
ohange in bias wliich nmintains approxinralcly correct ojiftrafing 
conditions. On tlic otlmr hand if the oxcitaiion sliould fail, the 
grid cuvient would drop to zero aud the tul>c would lose its bias 
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entirely. Unless the ti of the tube is wry high, sueli loss of bios is 
likely to cause the plate current to become so excessive us to seri- 
ously damage if not destroy tlio anode or cathode, ll'hus protec- 
tiva devices musl,''i|c used to open /tiler plate circuit, iu event of 
excitation 'b^urehvlien grid-leak bias is employed. . .r. 

^Cat.hodA-bia^Js alsiii.somcwLat self-regvilatmg. since anv inr.rec‘<ji&v 
in '■^cilatiOTi will produce an increase ui average plato' airrent 
and, therefore, in the bias voltage. GrJd-Ieuk-.biaS!is.somclimi>.« 
coi^iimd with cathode bias, sufficient resistance, bcmgfinar'rtnd in 
the calliodc circuit to prevent damage to t,h<j.tube in-.-.c.ase of ex- 
citation failure, with tlie grid leak supplying^tbe leinsundcr of 
the bias. • . 

Neutralization. All class C amplifieni usmg tnode tube.s n.rc 
subject to self -oscillation unless proper steps arc lalcen.- . Inspec- 
tion of Eq. (9-7) for the input impedance of a triode will disclose 
that the resistive component becomes motive with an inductive 
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reactive luad (/- positive). TTiis simply means tiiat the How of 
power will bo ii; tUe opposite directiou; i.e., tlio grid citcoit is 
capable of supplying useful power output instead of rccpiirirg 
power to drivR it. Tiic u-vpluoatioii is tijat sufficient energy may 
be Biippliod from the plate enrenit through the grid-plate capaci- 
tance to .sujiply all losn’.B in Die grid circuit; thus the tube b self- 
esciting and will oscillate at the frequency to which the grid and 
the plate cireuit.s arc tuned. The inductive reactance m the plate 
circuit of a class C amplifier needed to produce this effect is pro- 
vided by a very sHriit detuning of the tank circuit. Since it is 
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impossible to tune the circuit with an accuracy that will ensure 
resistive or capacitive reaction, it ia necessary to prevent oscilla- 
tion in some other manner. 

Fetbaps the simpltsslr mclliod ot ueutralizatlou ia to bridge an 
inductance L, between grid and pluto as in Fig I0-2Ga, The 
reactance of thb coil should cquol the reaolance of tho plato-grid 
capacitance at the freiiuency to which the amplifier is tuned, tfuis 
Witting up a high-impedaDre pamllnl resonant circuit between 
plate aud grid and reducing flic fcod-badr current to a negligible 
quantity. The condenser in series with prevents sliort-eircuit- 
ing of the bias and is of low reaeLanee. 

The effective reactance of the coil may l>e varied by inserting 
o variable conden-ser in parallel, or in series as in Fig. 10-2(i&. A 
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scries capacitance, wmst be used with {p-id-modulated, class C 
amplifiers (page 521) to prevent short-circuiting the l-f modulating 
voltage through the coil Ln. It is of course iiccessaiy that the 
reactance of coil exceed that of condenser C„ n'hcn they are in 
series and be less than that of wlien in parallel, to produce a net 
reactance that is inductive in nature. 



Bridge-type Neutralizing Circuits. Another common raethorl 
of neutralisation is to divert the feed-back current by moans of 
n bridge circuit, ns in Haseltiiie’s noiitrodync circuit (Fig. 10-27). 
The primary of the output transformer is raid-tappod, and the 
direct plate current is fed into Uus tap through an r-f cliolce.' 
Tlte tanlt condenser is of the sjrlit-stator variety with tiie movnlile 
plates (leprcsented by the central rec- 
tangular blouk) grounded. A small 
neutralizing condenser is inserted be- 
tween the tower terminal of the tank 
inductance and the giid of Iho tube. 

Proper adjustment of this neutralizing 
eoiideiiscr C„ will effectively prevent 
oscillations. 

The operation of this circuit canbest 
b8 undor.tooJ witb Ita aid of the 5Su!f f ids "K?"‘ 
equivalent circuit of Fig. 10-28. Ct 

and Cj represent the upper and lorver parts, respectively, of the tank 
condensci'i represents the interdectrodo capacitance between 




’ The clidko is used to avoid the posulnlity of two resonant frooinoicics 
e-sisting in case tlie coil is not tapped in the exact center or the two halves 
of the condenser are not identical. It is possibtu to connect tlie d-c load 
to eil.hur end of the tankc<u] instead of at the center ; but this would require 
a larger choke, sinoe the impressed r-f vdltoec would be greater. 
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grid and plate of t)ie tulx^ and C» the neutralizing condenser. Any 
alternating voltages impres'«i betnoen the grid and ciithode are 
effectively impressed between pwnls G anil K iind the total tank 
e.irciiiL voltage in iiiiptwseil lietiveeu points P and N. The amilar- 
ity of thjs cirt*uit to n lVl»enti?tfinc Ijndgcisat once apparent, where 
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the tunk voltage eoivcs us the sourcu of auf wilU wljioii the bridge 
is energized und the grid cuxaiit (n>rrc.s])(>nils In tlic phones Proper 
adjttstTTiDnt r, rrjll bring the bridge jnlo bitlanec, and jsmo 
voltage will be impreised across the gnd circnvt legardloas of the 
magnitude of the tank voltage. 

Figure 10-29 shows the Rice system of 
neutralization It differs from the neutro- 
dyuo ill Uml llme'ctru uiudlng fur energizing 
tiic iieiitrolizing vondenser m provided on the 
grid coil iastcsid of on the plate coil The 
cqviivalmt circuit (Fig 10-30) is Bimilar to 
tl»at of F^. 10-28 except tlrat the grid and 
plate circuits are interchanged. Since u 
IVhcatstoije bridge will balance erjiially iveil 
wlien the positions of the energizing aourcc 
und llie phones urn interehaiigecl, the con- 
i'so 10-30 K^ulvalent denser in this eireiiit can be adjusted for 
bridge cireiiu of Fig. . - r ♦u.. 

]u-a9, - nainncc in tiic .same manner as lor the 

circuit of Fig. 10-27- 

Whrre piiRh-pulI amplifiers are used, as in Fig. 10-31, the prob- 
lem of neutralization bccewnes relatively simple A sm.all conden- 
ser is connected between the grid of each tube and the plate of the 
other tube. - In this case the method usod is really a combination 
of both the methods juat uuUinedL C’t, for example, may be con- 
sidered ns neiitrulizlriK the npjmr tube by the ncutrodyne method 
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or as neutralizing the lower tube by the' Rice method. Neu- 
tralization of a push-pull amplifier by tliis nicjins is generally mo!-e 
easily aceomplished than is neutialization of a single tube so that 
in. very h-f circuits, tubes are nearly always operated in push pull 
when the power output is of the order of n few watts or higher. 

All r-f amplifiers used in radio receivers now etnployypentoclo 
tubes and therefore do not require neutralization." Many r-f 
amplifiers iised in radio transmitters and in other applications 
involving appraeinble amounts of power also employ pentode (or 
beam) tubes, but neutraliBation is frequently desirable anymiy, 
to balance out the effect of cajracitancos in the e.Ktcrnal cir- 
cuit as well as uny yet remaining within the tube. Furthermore 
trlodes are still used to some erctent in higli-powcr amplifiers and, 



when 80 used, must loe netitralkcd. Consequently neutralizing 
cimuits continue to be of interest despite the development of screen- 
grid tubes. 

Adjusting Class C Amplifiers. -Care must be exercised in 
adjusting the tuning of class C amplifier when full plate voltage 
is applied, especially if grid-leak bias is itsod, A tank circuit that 
is off resonance will not set up apprccialrle alUiinating voltage, 
and the instantaneous plate voltage will be excessively high during 
the period of plate-current flow. This may be seen -from Fig. 
10-17, which .shows that the low instantaneous plate voltage 
{<’-bnin) normally existing during the period of current flow is 
equal to the difference between the direct voltage and the cie.st 
vEiIuc of the alternating voltage; and from Fig. 10-32, whicli illus- 
trates the high value of ft existing when the tank circuit is de- 
tuned and the altcraating plate voltt^ is, thereforo, low. Con- 
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scquently if the tank circuit is off resonance, lioth the plate voltage 
and the plate current -will be high during the conduction period, 
and the plate loss \vill bo cxcviiave. 

The safe method of tuning n class C amplifier is to make the •ad- 
justments with reduced direct voltage on the plate. The tank 
chculL may then he tuned l>y adjusting tlie lank condensers for 
minimum defication of the tlirrct.-plate-raiircnt meter. This 
method of indicating resonance ia possible because the lowest 
value of «» and therefore of both the instantaneous and the 
averago plate current, uccure nl resuiiauce. 

The driving nirciut may be tuned to resnnnnco hy ndjusting for 
maximum reading on the dlrect-grid-currcnt meter. Tuning of 
the grid circuit may disturb the performance of the driving ampli- 
fier, however, and tlie udjustiiieiit uf tlial umplifier sLculd, tLcio- 
fnre, bo reohocked 





Flo 10-32 lilustratiUK the bielt valuea of «*au> preaent viiea the taak 
eirniit of a class C amplifier isdrUined. 

The proper setting of the iicutmlising cundenset may bo found 
by removing the plate voltage from the tube and timing the output 
circuit to resonance, using a simple type of indicating circuit, 
such as a thermogalvanoiiieter or eveu a small lamp or neon lube 
coupled to the tnnir infliictnncc. The neutralizing coadea'^er is 
then adjusted to give minimum response in the indicnting device 
It is usually necessary to retune the tank circuit and perhaps the 
input circuit after nculnilizing, foUouiug nliiidi the neutraliza- 
tion Rondenser must be readjusted. This process sliould be re- 
peated until no response can be detected in the tank circuit. If 
complete neutralization cannol be obtained, it probably indicates 
tlie presence of external cinipling, us iaductive coupling betueen 
the coils in the pl.atc and grid chciiits. This should bo eliminated 
by shielding or by relocation of the parts if the roost .satisfaetorj' 
performance of the amplifier is to be realized. 

Anotber method of adjusting the ncutridiivng condenser, with 
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the direct plnte voltnge removed, is to find the position for wliich 
the change in tiie d-o component of the grid <;iirrcnt is a miniruuin 
as tiie plate tank (lining condenser is varied through resonance. 
This change may be indicated by a d-c ammeter in Uic giid Circuit. 

Frequency Doublers. It is posibic to use u class C amplifier 
as a frequency doubler by Uining the output cirouit to (.wicc the 
frequency of the driving source. TIjc allernnC.ing plate voltage 
is again simisoidal but aUernates at double frequency, and the 
plate cviiTent is essentially the same aa in tlie conventional class 
G amplifier, as shovn in Fig. 10-311. It maj'’ be seen from this 
figure that the plate-ciirnmt pulse should lx; only Jiaif ns wide ns 
that of the normal class C ampli- 
fier (Fig. 10-17) if t.he pinle loss 
per pulse is not to be incre.tsRd. 

If the time of current flow is not 
80 reduced, the plato voltage at 
the beginning and end of the 
plate-current pulse will be very 
high, perhaps even in e.\ccss of the 
direct voltage, and very marked 
increase in plate loss and decrease 
in efficiency will bo the result. 

Good design therefore tmllsfoi an 
angle of flow' 29,, nearly propor- 
tional to the ratio of input to out- 
put frequencies. Tliis means 
that for the same peak plate ouiTcnt tho average current, and 
therefore the power input and power output will bo reduced. 
Thus the maximum outpid, of a frequency doubler ia about 60 to 
70 irer cent of the output of a conventional class C amplifier using 
the same tube. 

Frequency doublers do not i-cquirc neuU-alisatiou even when 
triode tubes aiv. used. Tlie output and input circuits are tuned to 
differciiL frequencies, .and the energy fed back through tho grid- 
plal.o capacitance will not sustain oscillation.s. 

It is quite possible to tune the output of the amplifier to three, 
four, or even liighor multiples of the driving frequency. Hor\'- 
ever, it is ei'ident from the foregoing discussion that the output at 
these higher frequencies will be increasingly lower, and it may be 
more economical to use two frequency doublers, for example, 



Pin. 1043. Plate and grid vullagca 
and plate current in a froquoiiey 
douincr. 
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than one frequency qiiafln)plCT. Fiirlhcrmorc, the prid driving 
losses tend to increase with the degree of multiplication This 
is because an increasingly h^her bias is required to decrease the 
width of the plate-eummt pulse as the ratio of output to input 
frequency is increased. 'ITius a triplcr shoiilti have a much higher 
bias than a doubler, and reference to Eq. (10-2S) will show that 
tliis is accompanied by a marked incicase in driving power The 
onlj' alternative is to reduce the biiia, let the current flow through- 
out a larger angle 26^, and opemte the tube nt n lower plate effi- 
ciency. In many cases this must be accompanied by a reduction 
ill amplifier output to prevent excessive plate dissipation ’ 

Frequency dtuiblnrs wre coiiiiiioiily iiml in connection with 
crystal oscillators (see page 467) to obtain frequencies higher than 
those for nhioh crj’stals may be ground or in constructing radio 
transmittei's that ai'o to operate at two or more frequencies that 
lire multiples of one anoUiei. 

Class B Linear ArepUfiers. The study of class C amplifiers in 
the preceding sections of this chapter was based on the assump- 
tion of a constant amplitude exciting voltage applied in the grid 
of the tube, hinny times it is nrcrnsaiy to amplify modulatefi 
waves m which the amplitude varies periodically according to 
a signal the fiequency of which is very much less than that of the 
wave that it modulates.* Comparison of Fig 10-11 foi a class B 
iiriijilificr with Fig. lU-12 forn class C fimplifier will show why el.is.'i 
H mthcr than class C amplifiers must be used to amplify modu- 
lated waves. If the altemating voltage impressed on the grid of 
a class C amplifier is the modulaled wave of Fig. 10-34o. tlie ainph- 
tude of the plain-current pulsasi will l»o aim fur an .appreciable 
period on either side of U fFig. 10-34a). This will prodiieo a 
plate voltage as in Fig. 10-34c, whereas distortionless operation is 
represented by the curve of Kg. 10-346 A class B amplifier, on 
the other hand, permits the flow of plate current for all values of 
the imprcs'^cd alternating voltage, producing a plate voltage as 
TD Fig. 10-34b. 

* Frequency doutlers may be desigoed by suitably mudifyinR Wagerrr’e 

method. Other methods arc also available such as that given by Kotiert 
II Broii-n, Harmonic Amplifier Design, JVoc SS,pp 771-777, August, 

1947. 

* Figure 10-31(1 represents a modulated wave, a delailcd discunaion of 
tvLicli will be fouad in Chap. 13. 
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The essential difference, betw'ecn class B and class C amplifiei's 
lies in the amount of bias applied, the duss B bias being approsi- 
matelj' equal to the cutoff voltage, whereas the class C bias may 
be, as much as several times cutoff.' Thus the same circuits may 
be used foi' clas.5 B amplifiers as 'were described in earlier sections 
of this chapter for class C amplifiers, and class B design procedure 
follows the same gcneinl lines as class C although somewhat simpli- 



fied, since is found from the lube characteristics instead of 
being computed. 

There is, however, one very marlcod difTcrciice in the design of 
clas.s B and O amplifiers. In the latter typo the altovnating plate 
voltage is constant., and the amplifier may be designed for maxi- 

’ Ab may be seen from Kg. 10-11, the bias of a duns B amplifier sliould be 
a little less than cutoff due to the curvature of the tube clmractovistlo. The 
correct bins niay be found by projecting the essentially straight section of 
the curve iiiilil it intersects the X axis. 
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mum cfTiciency , in tlic former tliD attern/itiriK plate voltage varies 
from a mavimum to *ero as the impressed wave varies from a 
rnasimiim to a minimum over the modiilutiun cycle (Fig. 10-34). 
Thus a clas? B amplifier may he dcsigneri for maximum cfiiciency 
only at the crest of tlie moilulation cycle, and its efficiency will 
lie nearly diieutly proiHirliunal to the ctesL value of the alternating 
plate voUage at all other tunes. 

The maximum efficiency of a class B amplifier was shown to he 
about (I"! per vent (page S.'i.l). Evklnilly this maxiimim cflieicncy 
w rcabs.nble only at the ciest of the modulation cycle, at lime ts, 
Fig 10-34£>. Wtli earner alone, the alternating plate voltage will 
lu! ri'diiiicd by onis-lialf, as during the iiitervul hh (Fig 10441/;), 
giving an efficiency of about 33 per cent This i& approximately 
the ai'cra^c efficiency of a class B linear amplifier, since the effi* 
eieiicy at time l» is evidently eeroand the elllcuiiHiy tliurefoie varies 
between 0 and Co per cent thrmighoiit the motiulntion cycle /j 
to tx. Tims a class B amplifier, when used to amplify modulated 
wuvus, is lelutivuly iiielTicicnt as compared with a class C niiiplifier 

Orid bias for class B amplifiers is normally obtained from a 
fixed source, since it must be maintaincil regardless of the presence 
nr alniiiruxi of exultation voltage. However, Wngciier hns shown 
that improved linearity may be obtained with certain tubes by 
permitting the bias to vaiy’ slightly with tho modulation,' This 
may be dune by supplying th«i major porliim of tlwi bias from a 
fixed source .and the balance by means of a grid-leak resistor and 
suitable by-pass condenser; the bias will then vary with grid 
cairent and, thenifore, with Ilia modiilutidn envelope. Tests 
for linearity may be conducted by plotting the cbarauInrisLic 
curve of Fig 10-11 or, better, by the use of a cathode-ray oscillo- 
graph ivhicli may bo used under actual operating conditions as 
doFcrilKd on page 625 (Chap. 13), 

Doherty Iligh-eflicien^ Amplifier. Tlie loiv elTicieticy of a 
class B linuav amplifier iins inspired the development of more effi- 
cient mctliods of amplifying modulated waves. One of the best 
known of these is due to Doherty.* The Doherty amplifier uki‘s 
two tubes, ono ojierating un a ccinvcntiniial class B amplifier 

• W. fi, tVngrnrr, Simplified Metliods for Computing Performance o( 
TraiismlttinB TiiOes, Proc IRE, 2a, p W. January, 1937 

• W. H riobcrty, A New High Kffieieney Pow er Amplifier for Modulated 
Wnves, Pioc IRE, 24, d 1163. Seutember, 19SU 
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except that it is designed to operate at maxiraum efficiency with a 
gidd excitation eqnal to the unmodulated cai'sdci'. Thus, with no 
modulation, Ef„ is nearly equal to Et, and Uiis tube is incapable 
of producing, without distortion, the incitMiscd output required at 
the modulation ci'csts. The second tube is operated 33'ith a bias 
such that its output is just zei-o with earner alone impressed 
but operates with maximum efficiency at Um crest of the modula- 
tion cycle. The first lube handles the entire oxitput when the 
impi'fissed wave has an amplitude less tlimi the carrier, as from 
to U, Fig. 10-34h, and delivers carrier voltage only when the 
impressed wave exceeds the carrier, ns from U to U. The output 
of the second tube is aero duHng the time interval /» to U, but dur- 
ing the interval U to /» it bandies all power in excess of that de* 



Pio. lO-MS. Basic circuit ol llic Dciltnrl.y hieli-cfliidoiicy amplifier. 

livered by the first. This means that the fii'Sl lube operates at 
maximum efficiency for onc-balf of tlw cycle (ft to ft) while de- 
livering high output, and operates at reduced efficiency only 
during the other half of the cyde (1* to f») when it is delivering low- 
power output. The second tube opemtes during ono-lialF of the 
moclulalion cycle only; but, as will be shown .slio]-f;l 5 ’-. the crest 
value of its altcraating plate voltage during this time is never 
much Ic.ss than lialf the direct voltage, and its average efficiency 
is, therefore, comparatively high. Such a comiiination permits 
operation at an efficiency of from 60 to 65 per cent, n marked im- 
provement over the 30 to 35 per cent efficiency of the con^'■cntio^al 
class B linear sraplifiei'. 

The circuit of Fig. 10-35 illustrates the principle of operation of 
the Dohei'ty amplifier, the direct volUigcs being omitted to simplify 
the circuit. Tube 1 is ccnmected to the output circuit through a 
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reactance network whieh is the equivalent of a quarter-wave- 
length transmission line. Sucli a line presents an impedanee aL 
Its sending torminal& eijual to Z*/Z,, wliere Zt, is the iilinracteris- 
tic impedance of the line find Zr is tlie terminating impedance, 
in this case the impedance d the load. The iinpedaiiue pre- 
sented to tube ! by this line, with tube 2 removed, should be such 
as to produce the desired earner output at maximum efficiency 
TliroughouL the time interval k to t*, Fig. 10.34£i, this iiniiiiiiaiiix 
irill remain constant, and the tuhe will produce a voltage across 
the load proportional to the impressed grid voltage (Fig I0-36o) 
(where the time intervals (iorrcti|Hirid to those of Fig. 10-34) 



tj k* tj ij t? t* tj \t, tg if 

Tube I Tiibe2 

( ol (b) 

Fio 10-36 Plate currents and vollajies la the two tubes of a Doberty 
umplifier 

During the interval U to U, huuever, lube 2 will produce an output, 
causing an increased current flow through the load. Thi.s means 
that for a given power output to the load, tube I will be called on 
for less power than if Lube 2 wuni not in <)[Kiratiua; *.c., the appar- 
ent load resistance across the output terminals of the quarter-wave 
line is increased; and, therefore, the load impedance presented 
by till! lirui to Lhn plate oirriiit of Lulw 1 is rletirriised This en- 
ables tube 1 to deliver an increased poiver output, owing (.u in- 
creasing plate current, without an incteaso in its alternating plate 
voltage, n-s aliown in Fig. lO-SKWi. The crest value ol the plate 
voltage Ej,„ is nearly equal to JS* from f« to is, resulting in a very 
low et Bjin- As the tube delivers inost of its power output during 



Ckap. 10] APPLICATIONS OF CLASS D AMPLIFIERS 

this iiiLci-val, it is readily seen that the aTCrage efficiency will be 
high. 

'rhe plate voltage on tube 2 is of coun« the voltage developed 
across the load and therefore varies as sliowii in Fig. 10-36F 
It is compai'atively high throughout the entire time of cin'rent 
flow through this tube, i.e., c»mia is low. Therefore, this tube’s 
efficiency is also high. 

It is interesting t.<> note, for comparison iJurposcs, that the plate 
voltage in a con^’en^•ional class B linear amplifier is like that of 
tube 2 (Fig. 10-36[(), whereas the plate current is like that of tube 
1 (Fig. 10-3Ga), and thiia a much laiTser portion of the iihite- 
current flow takes place at hi^r instantaneous plate voltages. 
Herein lies the basic reason for tl»e improvemonfc in officioncy 
efTceted by the Doherty amplifier. 

The equivalent quarter-wave line used in the plate circuit of tube 
1 for impedance iuvci'sion catiscs a phase shift of 00 dog.' It is, 
therefore, neoosaaiy to correct for this shift before combining the 
outputs of the two tolxw. This is done by means of another quar- 
ter-wave network in tl»e grid circuit of tuljc I using reactances of 
the opposite sign to tiiosc used in the plate circuit. 

Tlio netwoiks of Fig. 10-3.T arc easily designed. In the plate 
nirnuif;, quarter-wave conditiojis will be realiaed by innkinK *= 
Xi = Zt, where Ztt is the cliaractcristic impedance of the line. 
It R[ is the coiTect hvwl resiRt4»nco to be used in the j)late circuit 
of tube 1, the (icttiol load pi«seiilc(J by the output circuit should bo 
i?i/4 and the chanictcratic impedance of tlw Hue Zn should be 
R\/2. This combination will present a normal impedance of Ri 
at the plate of tube 1 when tube 2 is inactive. 

The design of the grid circuit network is carried nut in a similar 
manner. 

Applications of Class B Amplifiers. As will bo more fullj' pre- 
sented in Cliap. 13, modulaliun may be applied to radio trans- 
niitters at the finitl amplifier, whence class C amplifiers arc used 
throughout in the amplification of the r-f signal; or modulation 
may be applied at an earlier (lower power level) stage, uftei' which 
class B amplifiers are used for fui'th^ amplification. The former 
procedure seems to be the mote popular and class B amplifiers are, 
therefore, not so widely used ^ cIokr O However the Doherty 
high-efficiency amplifier continues to he used in most applications 
whore low-level modulation is applied 
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Oilier htgh-crtlclcncy pyelcms tlian Doherty's have been sug- 
gcslcfl blit no Rtlcmpt will be mode to describe them here.* 
Giounded-gTid AmpU&ei. Tiiodo tubes may be \iBCil ns r-f am- 
plifiers nit limit ripiitralizntiun if the grid ii gruiindod (instc.nd of the 
cathode ns in the eont'cnfionnl Dunplificr).* A circuit of such nr 
amplifier is shown in Fig. 10*37. Tlie input circuit may consist 
of the tuned output circuit of (he preceding amplifier, but the 
type of input circuit is unimportunl except that a d-c path must 
be iirnvidefi between enthmle nmf ground. No smiroc of grid bias 
is sllo^vn, but any of the standard methexU may be used. 



Since (he grid is at greunil potential, any current Rowing through 
the plalc*to-grid capacitance will return JtrccUy to the plate 
circuit through the grountl instead of returning through the input 
circuit as in the conventional amplifier. Tims the control grid 
serves in u dual cupneity as u control und screen grid, and no neil- 
traliznlioii is normally ncnlwl.'^ 

The gain of this amplifier may l>e readily found by first drawng 
the equivalent circuit ns in I'lg. 10-38. Here tiic plate-cathode 
circuit of the tube is rcplncc<l by the equivalent generator — /*E, 
und tlie intcmiii resistnnee r,,. The resistance Rl represents the 
resonant impedance nf L, and Ct in pamllcl. The circuit is seen 

' Oaft at tt'Cfftljtt'tka eeeV*c<t(a,euih.Qt 

v.liicU has a nearly constant Amplitude, lilech section is then scnplitied l>)' 
a Bcparntc tube operating at relatively highcflicicney, For dcinile see Sid- 
ney T. P'latier, A New Method of AmplUying with High Efficiency a Carrier 
Wave Modulated in Ampliiudeby a Voice Wave, dVoc. IJ{U, 31, pp, 3P-13P, 
January, tOlfl. 

*M. C. Jones, Grounded -gtld nadio-frcqucney Voltage Amplifiers, fVoc 
IRE, 32. pp. 123-429, July 1941, 
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to be the same as that of Fig. 3-24, page 64, with the exception of 
tile added input voltage Ei ‘whiefa Fig. 10-37 siiows to be in series 
witli the plate circuit. 

From li^g. 10-38 we may wTilc 


] 

El -b (-pB,) = Ip(r, + ff J 

(10-64) 

From Fig. 10-37 it 

is seen that 



E, = -E, 

(10-C>.5) 

and putting this relation into Eq. (10-64) gives 



(1 + l*)Ei * I,(r, + Rt) 

(10-66) 

or 


(10-67) 




Fio. 

10-88. Equivaloot circuit of Pig. 10-87. 

Tlie output voltage Ej is evidently 



E, = l^Ru 

(10-liS) 

The gain may no 
(10-67) to give 

w be found by dividing Eq. 

(10-08) by Eq, 


, E2 (1 + p)Rl 

El 

(10-69)* 


It is of interest to compare this equation with a similar one for 
the conventional (grounded-caUiode) fcyjie of amplifier, The' 
output voltage for the conventional nmplincr is otiual to the volt- 
age set up across the load impedance by the plate current, there- 
fore Eq. (10-G8) also applies to a conventional amplifier. Tlie 
input voltage, however, js equal to the grid voltage, ^vliicli may be 
found from Eq. (3-20), page 63. Dividing Et by gives 
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whicli is seen to differ from ‘Bq. (lO-CO) only by tbe numeric 1 
which is added to m iii tlie latter equation, and by the negative 
sigci. Tlius a giounded-grid amplifier produces the same gain us 
a convcntinnal amplifier with a tiibn having an umplifieation fan tor 
of (1 + n) but with no phase reversal. 

The input impedance of a gtounded-Krid amplifier is relatively 
low. From Fjg. 10-37 it is evident tliat the current flowing in the 
input circuit is equal to Uie plate current of the tube. We may 
therefore write for Zj. the input impedanec, 


_ _ E, _ 

‘ " I, ■ TTV 


(10-71)* 


the subetitutioii for Ei betng made from Eq (10-67) 

From the foiegoing it’ is evident that ttwi grourried-gnd amph- 
fiei* 13 characterized by having equal output and input currents, 
and by a low input impedance and a high output impedance 
It 13 uf mturust to compare tins with the cathodu-fulluwer amplifier 
(desonhed on page 371) in which the input and output hiUiiqi-h 
are virtually equal and in which the input impedance is hiffk 
and the output impedance iotr. The cathode-follower amplifier 
was described as un a-f amplifier, but it iiiuy be used equally as 
well at radio frequencies by replacing the load resistance with a 
resonant circuit 

At very h^h frequoades some iieulralization may be required 
with the grounded-grid amplifier, just as with a conventional 
peutodc amplifier, to balance out the effect of external eapacitauees 
and .any pl.ate-catbodc capacitance not eliminated by the prcsiiuce 
of the grounded grid, ^nrever the small amount of neutraliza- 
tion required makes the problem of securing satisfactory balance 
very miii’li simpler than in the conventional ncutralizcii, grounded- 
cathode amplifier.* 

Cathode-coupled Amplifier. For many applications the low 
input impedance of the grounded^rkl amplifier is objectionable, 
but if a cathode-fullower is iisoil as h driver, the iiitiuliiiig two-stage 
amplifier presents both .a high input impedance and a high output 
impedance, a lower noise level than a conventional pentode ampli- 
fier, and yet compares favorably with the pentode amplifier m 

• For a further discussion of these proUess, see C E Struuui The In- 
ycTted Amplifier, Kleetronirt, IS, p. 14, July, 1940. 
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gain and stability. The drcoit is sbwm in Fig. 10-39, the two 
tubes being commonly contained in a sii^^ envelope with a com- 
mon cathode as infliealed.* Tube 1 is the cathode follower with its 
output circuit, LiCi, in series with the cathode. The gi-oundcd- 
grid amjiliiier, tube 2, receives its exciUirion from the L:Ci circuit 
and dc!i\’ers power into the output tank circuit LzCz. Neither 
tulDc reriuires neutralisation at veiy high frequencies. In 



the eathoae follower, feedback exists through the grid-cathode 
capacitance, but the output und input voltages are so nearly equal 
that the feed-back current is relatively small. 

The cathode resistor Bu and by-pass condenser Ct provide bias 
for both tubes. 

Problems 

10-1. A certain r-f voltascamplificr, using the circuit of Kig. 10-I,liaa tlie 
CuUowing ronstanls; Q =» 191 , L = 8.7 pi', Ev “ 0.2<i ittegoUui, = IQOO 
^iBihos, r, = 1 .8 megohms. The frequency of resonance is 20 Me. Compute 
(a) l.bp gain at resonance and (6) the band width. 

10-2. A certain r-f voltage amplifier is to be designed for operation at 
2..5 Mo using the circuit of Fig. 10-1. The gain is to be !)0 (30 db) per stage 
and the b.and width is to be 20 kc. Rf = 0.S iiicguluii, Tiio nooffidieuta of 
tlie to tie used are (f-, =« ISOO ;imIioB, r, = X.7 megohms. Find (a) the 
inductance of the coii, (h) UieQuf the coil to produce Uie required gain and 
band rvidth, and (c) tlio capacitance of the tuning oondenaer at resonance. 

10-3. A r-f amplifier, using the circuit uf Fig. 10-3, haa the following con- 

' For further information, see G. C. Sziklai and A. C. Soiirocdor, Cathodo- 
coufiled Widelin.nd Amplifiers, Proe. IKE, 33 , pp. 701-709, October, 194.1; 
and Keats A. Piilieii, 'Ilie Calhixht-couplcd AropliHor, Proc. IRE, 34 , pp. 
402-405, Juno, 10-W- 
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etants. = C (ih. /.j » £«ih, coupling betneen Ln and Zi — 40 per ceul, 
Q (of coil Li) = 170, = 12(X) pmhoa, t, •> 1.1 mcguhnis, frequency nf 

resonance 20 Me Compute fr*) the gam «t resonance, (6) the hand 
v, idtli and (c) the capacitance of the condenser Ci at resonance 

10 4 Determine h and C in the tank cireint of & class C ampliRer using 
a triode under tho fa1Ioi\ing conditions 2000 vclt>. F., •> —ICO volts, 

F, = 12S0 volts, puMcr dclivvied to tbu tank circuit •> 375natts,/ = 2500 
kc Carry out the design for (a) O " 12^ and (5) Q 75 

10-6 Deterinme the percentage of barmonie in the plate voltage for the 
tisu putts of I'roli 10-1, assuming tliat the second harmonic in the plate 
current la 60 ])cr cent cf the fundamental. 

10 6 The tank current in a certain class C amplifier is 0.5 amp The 
leuelaiies u( the tank cundeiucr is 12S0 uhnu. *■ 1000 volts, and Et 
— - 100 vnlta (o) UTiat is c*«.,7 (h) If thn amplifier !b operating under 
eotiditions of matimuni efficiency, w bat is £«? 

10-7. Carry out the approtimate solution of tbs tank circuit of a clast 
C ctn|)lificr ns given on pngR43l Ft •• tOOO volts, Te *■ 50 traits, Q •• 16, 
/ M ^ Me Solve for L and C of tbe tank circuit. 

Design Pcebiciat' 

10 6 Carry out the aiipre^imaic design of a class C amplifier, using the 
833 tube, to givu approeimalely Uto maximom pcasihle output at a direct 
plato toliage of 2500. o, — 75*. 

10-9 Carr} out thu approximate design a class C amplifier using a 
tnude tulc, thu uli.iractvnstiLn u( nliicb are eeeured fron a tube manual. 

10-10 Ucpcat Prob 10-9 for a tetrode. 

10-11 llcpeat I’roh lO-O (or a pentode. 


' Ren footnotn on p 316. 
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In Chaps. 9 and lOit’n'as seen that an amplifier has the property 
of producing a-c power output from a d-c power source in the plate 
circuit wlien its grid is under control of another source of a-c 
power. The amount of power thus produced in the output circuit 
is many times that required to excite the grid so that, in effect, 
the impressed a-c power is amplified, although the output power 
is actually couvcited from the local source of direct current. 



Fio. 31-1. Circuit of n simple r-f amplifier. 


Since the posver available in the output is so much greater than 
that required in the input circuit, it sl»ould be possible to divert a 
portion of this power back to the inp>it and thus make the ampli- 
fier self-excited. An amplifier so connected and jiroducing an 
output is known as an o«ciffo/or. 

Figure 11-1 shows a simple amplifier circuit with a resonant 
type of load. In Fig. 11-2 is shown the same circuit but with the 
input leads connected across the output terminals. The in]nit 
leads are shown crossed, to com- 
pensate for the 180-deg phase 
reversal in the tube. The amount 
of power that may be drawn 
from the output terminals is now 
Ices than in the circuit of Fig. 

11-1 by the amount required for 



excitation of the grid, but in a 
properly designed circuit this 


I‘iG. 11-2, Circuit of Fig, 11-1 u-ilh 
the input circuit oxcilod from the 
output of the snme tube. 


difference is very small. 
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An amplifier witii a rasonanl circiiiL load woh clioscn for this 
example purposely If an amplifier witli a pure resistance load 
IS used and an attempt is made to generate oscillatbna in tlie man- 
ner of Fig. 11-2, tlie result will be a failure. The reason for tliis is 
to be found in tiiR noimmform ilovv' of pimer tliroiigli the plate 
circuit Tlie plate current of any omplificr ts pulsating, or at least 
fluctuating between wide limits, so tliat the power flow to the load 
18 iiul constant. There are periods during which the power de- 
livered irt insiifTieiciit to supply the losses, anil the oseillations, even 
if started in some manner, rvmild immediately die out. The power 
flow to the output circuit may actually be negative during a small 
portion of the cycle lo h^h-eflicieiiicy oscillators, just as in the 
cln.88 C aiDjiIiTier In fact, for liigh efTiciency, the osoillittiir should 
operate in the same manner a.'? the elnss C amplifier, having tho 
same general wave shapes of currents and voltages as shown in 
Fig. 10-15 or iO-17. It is therefore necessary tliat energy storage 
h« supplied to carry the load through the jMuiods o£ low nr nngiv- 
tivfi power Biipply from tlio tube. Tho resonant circuit supplies 
this storage in the fields of its condenser and cod. 

As in the class C amplifier this need for energy storage in a 
vacuum-tube oscillator may be likened to the need for meclinnlcal 
energy storage in tbs case of a reciprocating ongino. The energy 
is supplied by such an engine throughout only a portion of the 
complete cycle, and the flywheel must store sufficient energy diir- 
mg this period to carry the load until tho ne.\b jmlsc of energy is 
received from the piston. 

The energy storage for .an oscillator may be supplied in other 
ways than by an electrically resonant circuit, as m the case of the 
piezoelectric and multiidbrator oscillators described later in this 
chapter, but tlie energy must be stored la some manner, or oscilla- 
tions cannot be sustained. The resonant circuit generally pro- 
vides the simplest and most convenient method for providing this 
storage, besides ensuring a nearly sinusoidal output wave. 

Oscillator Circuits. Any amplifier circuit lhat_inchides pro- 
vision for energy storage may Tie used for EHc generation of oscilla- 
tions, but ccrtnfn modifications may*bc made that result in simpler 
construction or more efficient operation as an oscillator. One 
of the most common oscillator micuits is the Hartley, Fig 11-3. 
It is seen to be fundaraenlaUy llio same as the circuit of Fig 11-2 
e.xccpt that the grid cxcitntion is obtained directly from the re.«o- 
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nani oirciiit. instead of throng a tranrformcr. There maj'- or may 
not be mutual induction beiwetai coils la and Lj . Tlied-c sources 
for grid and plate (sliorni as batteries in Fig. 11-3) are necessarily 
placed between the resonant circuit and tlrcii- respectb'c tube ele- 
ments, as tlie I'oturn to the cathode is common for both l.lie plate 
and the grid circuits. 

The Hartley circuit cannot be used in the e-xact 
form of Fig. 11-3 except for very low power oscil- 
^latovs. The power supply for the plate and grid 
voltages is usually ohtaineti from rectifiers rather 
than from battovies, and the lilaracnt-lieating 
.power is obtained from the secondary of a traiis- 
I'foviner or from a gcueintov. Such poyor-supply 
' uniliH I hi'cl gonerally grounded yi that all l>avc one Fig. n-3. Bnsio 
oothmon terminal ; h\it, even if not, the capacitance 
between transformer windings, etc., is sulTiciont 
virtually to short-circriit the ooils Li and A at all but the very 
lowest frequencies. 

This difficulty may be avoided by inserting the plate and grid 
d-c power supplies at points h and c, rofipectively, so tlint no altci'- 
nating difTermico in potonijai exisla between tliom. This sohome 
is sometimes employed for low-voltngc tubes. The principal 
objeotlon is tliat the coils Li utid Za must bo insulated fi'om giound 
by an amount equal to 1 .he crest value of tlie .'Utovnnting ■\’oltago 
induced in tiiem plus the direct voltage, and the condenser C 
has a maximum voltage impressed 



across it equal to the tt>hil crest 
value of the alternating voltage of 
both coils islus the total direct 
voltage. With Iiigh-voitjrge tulies this 
seriously incieuses the cost of insula- 
tion, esiJccially as the condenser C is 
frequently an air-hiHulatcd condcuscr 
wliicli, in case of a fiashm'er, noJl re- 
store itself luitomatically if only the 
alternating voltage of the oscillator is 
impressed across it; wiiereaB, with the 



c 


Fio. 11-4, I/avUoy oacillator 
circuit; parallel food. 


plate 230WC1' supply at 6, Fig. 11-3, a power arc from the d-c 


source may follow with consequent danger to eq\iipment. 

The objections raised in the preceding paragraph are entirely 
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'^eliminated by the ciraiiit nf Ffe. 11-1. The d-c plate supply is 
fed to the tube through an indtictance Lc , the reactance of w hich Is 
hiKh compared with tiie unpudaoce of the resonant oircuit. A 
^■()cn!enser C, prevents the direct current from being short-cir- 
cuited through coii Zj , while permitting free passage of the alter- 
nating component of plate current. Grid bias is supplied by the 
drop through resistance Rg sot up by tire direct component of grid 
current. Condenser Cg by-pas-scs the siltcmating components so 
that the voltage acros-s the resist.'ince is «»nstant throughout the 
cycle, e\’en tliough the instantaneous grid current varies. The 
UEQ of a grid leak and condenser in place of abatterj' or other fixed- 
volt.igc source, to secure £nd bias, is es- 
sential if the oscillator is to be self-starting. 
For efficient operation an oscillator should 
be biased below cutoH, like a elass C 
nuiphliiir; and li full bias in applied at 
P the same time as the plate voltage, the 
plate current will bo rero and there will 
bo uo power iiijmt to start the (i.s<iillalii)i]ci 
With a B*^d leak the biiw will be zero 
torilSm™ •'’* h applied, plate 

current will (low. and osculations will start 
immediately, automatically building up^tlio bias to its corrccy 
value. 

/ Auother commonly iiseil cireiiit is the Colpitts, Fig. lldS. Its 
chief point of difference from the Hartley is in the method of 
securing the grid and plate voltages from tlie tank circuit, by 
tapping the condenAcr (placing two in series ho that their scrie.s 
capacitance is equal to the total desired) instead of the inductance. 
The gild is completely isolated from both cathode and anode by 
condensers Ci.Cs, and Cg , and the grid lirak must be placed directly 
between the grid and cathode to secure a return circuit for the 
direct componeiit of grid current, the condenser Cj rerving double 
<lcUy es grid njndcnser and as part of the tank capacitaace. The 
choke Lf prevents absorption of r-f power by the grid leak but is 
often omitted, if Rg is not too low, as it has been found that the 
increased load imposed by the grid leak tends to stabilize tlio 
frequency. This is due, in part at least, to the more constant 
resistance between grid and cathode tlw.t the grid leak provides. 
The input resistance of the tube alone varic.s considerably through- 
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out tJie cycle of impiessed voltage, so placing a constant resistance 
of lower value in parallel produwJB a net resistance that, is relatively 
independent of the instantaneous grid voltage. 

Many raodiiicivlions of these two cirouite may be used such as 
the circuit of Fig. 1 1-6. Here the excitation for the grid is ob- 
tained through the mutual inductance between coils Lt and Lt . 

TTie tuned-grid, tuned-jjlato circuit of 
Fig. 11-7 has found great favor among 
dcs^ets of h%;hcr freuuoncy oscilla- 
tors. There is no mut.ual inductance 
l>etu-een coils Li and Li , the energy be- 
ing fed Imck to the gi-id circuit through 
tlic capacitance between tlie i>lale and 
grid of the tube. The operation of 
the circuit may be made more clear by 
rciirrong'nig it in the form of Pig, 11-8 
where tliorc is no common field imtween 
Cap represents the capacitance between 
the grid and plate inside tlie tube and scives tbe same function 
as tho mutual induetanec between tbe two coils of Fig, 11-6. 
Actually Ggp should be shown connected direetlj’' beirweon the 
and plate terminals of the tube instead of across tlic resonant 
circuit, but the two condensers C, and Cp which act in series with 
Cfp in passing the feed-back current arc so veiy much laigor that 
they may be negloefod, and the operation can be dopictod ^^'ith 
equal accuracy and greater clarity as shown. 



Fi<3. lJ-7. TuDed-grid, tunnd-platc oaciltator. 

General Equations of an Oscillatory Circuit.^ Ail luiied-eii'cuit 
oscillators may be represented by the basic circuit of Fig. 1 1 -9. 
Applying this circuit to the Hartl^ oscilln(.oi' of Fig. 11-4, for 
example, L and C repiuscnl lie tank circuit, L beijig equal i.o Lz , 
and C having a reactance equal to the total reactance of L, and C 

‘This section may be omitted withontbiss of continuity e.vcopt that the 
analysis of the ll-C 08 (!iIIaU>r (p. 402) is baaed on this material. 



PiQ. ll-Q. Modified llorllcy 
circuit. 

the two coils Li and Tj% . 
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ol rig 11-4. The resistance R represents the power consumed 
by the lank circuit in useful uutput and losses while r reprrsenta 



CiO. 11-8 Eguiralent circuit of 
Fig Il-T. 

itive direction of flow of each is 


the platp-to-cftthodo circuit of 
the tube of Fig. 11-4. The lat- 
ter resislanco must necessarily bo 
negative ainen the tube is fsupply- 
ing power to the circuit, as will 
be further demonstrated m the 
following development. The grid- 
to-cathode circuit is not repre- 
sented in Fig 11-9, the grid 
losses being mclniled m R. 

Lnt Its assume that the thrpfl 
currents la Fig 11-9 are ti , ij , 
and i> and that the assumed pos- 
»s iridicntcil by arrows VVe uiuy 



(ben write the three Kircblioff law equations for this circuit as 
follows 


*1 + 


0 


( 11 - 1 ) 


t,r ^ L'^ + tiR = 0 


ua + - I _ 0 (11-3) 

where q is the instantaneous charge od enrideiiscr C. Since tj — 
dij/dl we may eliminate Q from Eq. (11-3) by differentiating and 
substituting for dg/dt to 63ve 
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We may now' solve Efjs. (11-1), (11-2), and (11-4) simultane- 
ously for the tbitje Mirreuts. As a first step solve Eq. (11-1) for 
?3 and subsfcituic Ihis value in Eq. (11-2) to give 

»ir + hr -t- + iilt = 0 (11-5) 

Equation (11-5) may now be solved for ij and this value then sub- 
stituted in Eq. (11-4). When the anirious tenna have been gath- 
ered together, l.lie ro.'fuH is 

4' + ('' + *)§ + (;! + 5)*-“ 

Tins is a linear differential equation of tlic second order with 
constant coefficients. A mothorl of solving such un equation is to 
assume its solution fmm mapocttion of the equation and tlien suij- 
stitute this pi'esumed solution back into the original equation for 
verification or rojccUon. As it turns out, tiie solutaon of this type 
is of the general form 

(11-7) 

where >1 is a constant of integration and ni inu.st he evaluated to 
satisfy Eq, (11*0). To ciieck tlie validity of this solution and to 
evaluate in, Eq. (51-7) must ba substituted into Eq. (.11-0) to 
give 


- - 1 ) ( 11 . 8 ) 


Canceling At"‘ out of this equation ^ves 

j I , JtrC 4- A , r -f- R 


Tills is a quadnitie equation in ^le variable tn and may be solved 
in the usual manner to give’ 

‘ Equation (11-9) is of the ^ncrnl form aa? 4- 6s -J- c = 0, the solution of 
wiiieh is 
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HtC + L . 
2t€L * 


V{ 


RrC + 7. 
2rClj 


1 


r+ R 
rCL 


( 11 - 10 ) 


Equations (H-9) ard (11-10) show Uial Eq. (11-7) is n sola- 
tion of Eq. (11-6) provided m satisfies Eq. (11-10). Equation 
(ll-lrt) also sliiiws that tlicro aro two different values of m that 
will satisfy the equation- Under such eireumslaimcs a more 
general solution may be obtained by taking the sum of the two 
solutious or 


fi 


die***' -h dtt*’* 


(U-U) 


whero Ai and /l> nro integration coit$(.ants and n\i and mt are do- 
fined by E<t. (I ] -10), UHing the plus sign for mi and the mimm sign 
for »»ij. [The student should prove for himself that Eq. (U-11) 
U a solution of Eq. (tl-C) by substituting it back into Eq. (11-G) 
using ILu values of vii ami from E(|. (1 1-IO}.] 

To simplify the notation, let 


>vhere 


mi — « 

m, - rt 


iJrC+ L 
2rCL 




JirC + L 
2rCL " 


)■ 


+ e 

(11.12) 

- 9 

(U-13) 

“ (i: ■*' 

(11-U) 

i ~R 

tCL 

(11-15) 


We are now ready to solve for the two integration constants. 
These may be found by substituting into Eq. (11-11) the coordi- 
n.itcs of two known poiiihi on Iho uiirvo of xi v.s. I or by siili.-itituting 
the coordinates of one Itnoivn point together witli the known deriv- 
alive .It that point. The latter method is the one which must 
normally be employed and will lio umhI heiu. To perforin this 
step, it IS helpful tea assume that a switch has been in.serted nt S, 
Fig. 11-9, which is now open, and that the condenser has been 
charged to a voltage Z. This is not ttie way in «iiich the circait 
is origiruvlly enorghed in iin actual oscillator, but since we are 
interested only in tlie steady-state condition, the method of ini- 
tiating the current flow is unimportant. 
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Let the switch be closed at the time 1 = 0. Since the cun'ent 
T) was s^ero prior to oiosing the switch, it must, still be zero at the 
instant of closing the switch. This is shown by Eq. (11-3) since 
if t'l jumped immediately to some value otlicr than zero, the deriv- 
ative dii/dl would be infinite and the equation would not be satis- 
fied. Tf, on the other hand, the cun'ent is still zero at < = 0 but 
immediatelj’ starts to rise, Eq. (11-3) becomes 


I* - 2, = 0 


(ah I = 0) 


(11-16) 


But q/C at J »= 0 is equal to tlie voltage E impressed across the 
condenser, and Eq. (11-10) becomes 


dl 


. E * 


(at t = 0) 


(11-17) 


We are now in a position to say tliat the coordinates of our 
k^o^vn point are 0,0, i.e., when (equals zero, I'l is also zero, l^ir- 
thonnoie tlie slope of tlie curve at tliis point is given by Eq. 
(11-17), so that dii/dt = E/L at ( » 0. Wc may now substittite 
the coordinates of the known point into Eq. (11-11 ) and tho vnluo 
of Uie derivative into the derivative of Eq. (11-11), -ediich is ob- 
viously 


(11-18) 


^ - mulf-' + »./!.< 


Substitution of the coordinates into Eq. (ll-ll) gives 

0 = At-l-A, (11-19) 

Substitution of the derivative at ( = 0 and Eqs. (11-12) and (11- 
13) into Eq, (11-18) gives 


^ (a -h (9)4.1 + (a — (9)4- 


( 11 - 20 ) 


These two equations may be solved simultaneously for 4i and As 
to give 


( 11 - 21 ) 


ai-22) 
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Thu'’ thfi fintil fur ii is found l»y Ridj^liliiting E<is. (11- 

J2), (11-13), (11-21), and (11-22) inlo (11-11) ^-uiriK 

The prinnlliftical Ifrin is tin* li>-porlM>hc ^illc «if ff( varies 

from icro to infinity in « nsinR riirvn jis I is incrra'-ci! from zero, 
apparently irilicatinK that tlio ciirtitt will not o«eiIlate since there 
is no periodic variation of the cnrriTl But insjHctirm of Ilq. 
(ll-lo) shows that, d may lie cither ri^l nr itniiKinarj-, dcpciiilirf; 
on the relative size of the two terms under the radical. If ff is 
iiniiRiiiary, it is Letter to rewrite l)<| us 

where /?' is a real niimhcr. Kcplacing 0 with }ti’ in J-q (11-23) 
Sives 

•■■-A 

If the } jn the denominator is plaeed in«nlo tlic parcntlicses, the 
parenthetical term becomes the Mnc of 0’i iintl we may therefore 
rewrite Eq. (II-^A) as 

it, ri (11-2C) 

But the usual eymhol for the unRic of a sine wave is ul; therefore 
it is preferable to replace 0’ in Dq. (I l-2(i) with w to Rive 

»i = €** pin cfi (1 1-27)* 


Equation (11-27) shows that, if tf Is iiuuKinarj-, llio current 
flowing through the indiiat.mec of Fig 11-9 will be periotiic and 
the circuit will usnllate, but that the amplitude is norroally either 
increasing or decreasing, depending ein whether n is positive or neg- 
ative. Oscillators should be so designed that a is positive as the 
oscillations .start, causing the amplitude to increase, hut a will 
decrease to zero as the amplitude rises, owing to an increase m 
Tp. The plate resistance r, increases liecaiisi-, as the current 
amplitude rises, the griil voltage will swing farther and farther 
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below cutoff on its negative half cycles, where is es.sRntially 
infinite, and tlie average value of r, over a cycle will rise. 

The plate resistance r„ does not appear in Eq. (11-14) but r is 
directly affected by Tliis may be shown by noting that r, 
in tlie oscillators thus far considered, is the resistance seen looking 
back into the plate-cathode terminals and is, therefore, 


(The minus sign must be nsed since the positive polarity of 7p was 
originally assumed on Uie basis of power flowing oui of the plate 
circuit wliereas r must bo measured looking mto tlie irlate circuit.) 
The plate voltage E, is nearly constant regardless of reasonniile 
changes in the circuit or load. ITiis was dcmonsl-ratecl for doss C 
amplifiers on page 422, and verj' similar conditions normally pre- 
vail in an osoillator- Thus any incre.isc in fp must result in a de- 
crease in Ip and therefore an increase in r. This will cause the 
second term on the rigbl-liand side of Eq. (11-14) to decreass until 
it is equal to the first, and « will be equal to zero. 

Aftoi' the oscillations have i-caclied the steady-state condition 
and « is therefore zero, the equation for u may be simplified by 
noting that the second term under tiic radical in Eq. (11-24) is 
equal to «’ and is therefore zero. Wo may then rewrite Eq, 
(11-24) us 




(11-29) 

we may solve for r from Eq. (11-14) to obtain 

= -il 

’’ RO 


(11-30) 

When this relation is .suixstituted into Eq. (11-29) the result is 

“Vi 


^ 

^ LC 


(11-30* 


If both sides of this equation are squared and both sides of the 
resulting equation are multtplied by l/w*, we obtain 


(11-32) 
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Substituting 1/0’ for R'JtJ'U, tWs equation may be solved for w 
to give 


Wc havt! alrnidy Been, in otir study uf class C ampliriers, that Q 
should be at least 10 or 12 to secure good wave shape and stabil- 
ity , thas it is evident that Q’/(l + Q*) is virtually equal to unity, 
'i'hc frctiiieriey of CKcillatiuii is (iieii, for all pruclieiil purjitjscs, 




2rVl9 


(11-34)* 


From the furegoiiig (Usciikhmiii iv«> may ciinrhids thiit lliu current 
flowing in the induotanco of the tank circuit of an oscillator under 
steady-state conditions is 

t, (11-36)* 


which ia Eq. (11-27) with « =» 0 Tlie term E/uL is evidently 
the crest value of the current; Ihen^rom, (lie voltage A’, to which 
the eontlcrflcr was assumed to be originally clmrged, must be the 
crest value of the voltage across the tank inductance L, which, 
as was shown in the pnrcciliiig clinplor, is very nearly equal to the 
direct pbitc voltage Et of the tube. 

Applications of the General Equations. Tlie foregoing general 
equations will be used later to luulyzc R-C oscillutura. They are 
of little value m the .*1011101 design of tuned-circuit oscillators hut 
should assist the student in environing their performance under 
various conditions. As an ercuoiple, thowe equations are helpful 
in doteiTOimiig why an iiscillAtor mny fail to oscillate, i'roin Eq. 
(11-23) wc saw that for the cunent to be a sustained sine ivni'e, 
a luiil to be zero (or positive) und fl had ti> be imaginary. Evi- 
dently, tbew, two itaitiws foi {»liue to csciWate ate (1) that a 
negative or (2) that ^ ie reaL 

The proper remedies to apply for nomintiTig a condition where 
0 Is real may be found from Eq. (11-31) where to will bn imaginary, 
if 0 ia real. An imaginary value of to is evidently due to the 
second term under the radical of Eq. (11-31) exceeding the first, 
and a remedy is evidently to dewease the rntio E/L (increase 0)- 
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Tliis may be flone by decreasing tlie required power output wlncli 
win decrease R and so make u real. 

A generally better solution is to increase the (? of tlic circuit by 
increasing C. Tliat this is an effective piucedui'c may be seen by 
coropaving the lasttci-m ofEq. (11-32) witli Eq. {10-fi2), page 420, 
whence it is evident tJiat 

72" _ / 1 eiteigy dissipated percycleV 
ui^L? \27r energy stored per cycle / 

Since it was dcnionsl.raled in llic discussion of class C amplifiers 
that an increase in C increases the .stored cnergj’ for ii given 
power output, it follows from Eq. (11-30) that nn increnre in C 
will result in a deoreiisc in the lost term of Eq. (11-32) and, there- 
fore, in the second tenu imclcv the i-adical of Eq. (11-31 ), jji'o^dded 
the energy dissipated poi* co'dc (power output) is mainlained 
constant. Referring again to the discussion of tiio class C ampli- 
iior, an increase in C rmist be accoiniranied iry a reduction in L 
to kee]5 the frequency uncluangwl, Inii; I.Uis muat bo aocompnnietl 
by nn even greater dcciease in R. if tlte |>ower output is to he main- 
tained constant. 

Equation (11-14) shows that if a is to be positit'e, ns required, 
at the time oscillations are to start, l/2rC (wldoh is the nfigati\'o 
term) must be larger than U/2L. In the limit, ns the osoi[lat,t)r 
appronches the steady-state condition, these tu'o terms must be 
equal or 


--La.® 

2rC' ^ 2L 


(11-37) 


Since a is the n.ttenuation factor, it is to be expected that its mag- 
nitude will bfi largely influenced by the amount of po\ver flowing 
into and out of the tank circuit. This is borne out by the rela- 
tion of Eq. (11-37) where it may be seen Umt a decreiisc in r, 
indicating an increase in the power deliveiod to the circuit, will 
tend to make a positive (or at least less negative) and a decrease! 
in R, indicating loss power beii^ absorbed l>y the cii-cuit, will have 
the same clYeot. Thus if an emulator wdll not oscillate due to a 
negative value of a, the remedy is to increase the powei' input, as 
by increasing the grid excitation, or decrease i.he power demanded 
by the load. 

Summarizing the foregoing it is evident that; 0 will be ima^^inaiy. 
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as required, if Q is sufficiently latj^e and therefore determines the 
ability of the circuit to oscillate if adequately energized, while 
a determines the adequacy of the power bomR supplied by the 
tube. 

Power Oscillators. Alost oscillators fall into one of two groups: 
power oscillators and frequency-eontroUinq oscillators. The latter 
:frc probably the nioro ciimmon and are u^d primarily tii hold the 
frequency of a given radio transmitter constant within very close 
limits. For the most part they arc not required to generale 
much power but are used to drive clxss C amplifiers which produce 
the desired output. 

Power (isciillatora are Uioeo which furnish the desired power out* 
put without the need of further amplification, and their frequency 
tstabiliby, althougU important, is secondary to their output n- 
quiremcTits, Th^ nro operated with the same type of plate- 
current How as class C amplifiers, and the same design procedure 
may bo followed. The Q of Uio tank circuit determutes the fre- 
quency stability as well as the wave shape, a high Q being neces- 
sary for good stability. Power osoQIators arc designed with a Q 
no higher than the required frequenej* stability makes absolutely 
necessacy'i since an increase in Q is accompanied by a decrease in 
efTiulenGy A cunimuuly used oi'inimiiro figure for Q is 12 whiehi 
na 9ho%rn by Eq. (I0-G2), represents a ratio of energy stored per 
cycle to energy dissipated of about 2. 

CiHiHorviitive design prodHlurc require.? that Q be taken us tlie 
ratio of that portion of the tank circuit reactance which is coupled 
to the plale, to llic tulul effective scries resistance of tlio tank ' 
In the Hartley circuit of Fig. 11-4, for e«implc, only tlie reactance 
of the coil Li should be used in determining Q; in the Colpitts 
circuit of Fig. 11-5 only tlic reuctance of that portion nf tlio coil L 
which resonatea with the capacitance C\ should he used; t.e., (2 
is the ratio of the reactauco of t7j to the ^cctive nisistance. Tills 
makes the design e.vaetly analogous to that of a clas-s C nmplifier 
where the tank circuit consists only of the plate inductance and 
capacitance, the grid being energized from a Roparate source; and 
the method outlined in Chap. 10, starting on page 414, may be used 
in the design of a power oscullator. 

’ ThecRective aeriM re.siatancein an owillotor tank circuit is theasmcM 
Itr. I'lB- 10-18a, in a class C ainpIiGer. 
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Eiample. Let us ssEume that oo osoniator 5b to fio designed using an 
833 tube wilhndhect plate voltage ofSOOOvolts. Hefcrencc to page 410 will 
show that this is the same tube and same plate voUagc ns \^ ero assumed for 
tlie class C amplifier example; therefore, the design procedure for doter- 
miuing the correct jiltcrimt.ing voltages for the lithe Mill follow that of tho 
class C amplifier. Thuswc find from the class C amplifier cxampic that the 
tube will deliver 952 rvftt.la at 70.6 per cent, efficiency for an assuinod Sp cif 
75 deg and will require alternating voltages of awo and 215 on the plate and 
grid, respectively. 

The next stop in tho design is to determine tlic lank constants which will 
produce these voltages and output. Let ua nssuinc that the circuit is to ho 
that of Fig. 11-4 and that L, and are sufficiently largo so that their effect 
is negiigibic. It will also be Itolpful to rcarrango the circuit until it looks 
more like the class C amplifier of lig. 10-14. This bus been done in Fig. 
11-10, and the resistances R\ iind fls hnvn been inserted to represent tho 
power absorbed by the tank circuit, whore (Ri + R:) corresponds to Bl 
of the class C amplifier in Fig. 10-18- Thus Ih and R: represont tlie loss in 
the coils Li aud L) Mid tho iisnfiil power output, and Itie rohitivu inagiiituilca 



Fro. 11-10. Circuit of Fig. 11-4 rearranged to conform more closelj’ to the 
class C amplifier circuit of Fig. JO-M- 


of these two rraistancoK depend upon the mctliod of coupling ths output 
circuit to the tank. Since their relative magnitudes are normally of no 
iiui>nrianco, wo shall merely consider their total value Rl = /?i -f Ri, 
Comparison of the tank circuit of Fig. 11-10 wilti that of Hg. lO-lSa 
shows that ttu! coil Lt is comparable to coil L and that C and Li in series, 
which have a net condensive reactance, coirosiioud to the condenser C. 
We may therefore apply Eq. (10-42) to the oscillator by substituting Li 
for L. Assuming that Q = 12.6, this pves 




^QOOF 
962 X lae 


330 ohms 


exactly as in tho class Caunplifier design on page 421. 




450 


OSCJLL/V TORS 


ICn IP. 11 


Tbe rpactanfc of In maP now tmfminH hj notinj; I hat uiJnluriLx ■= Rf/E, 
Since oil these fuclors are known except »b£i, we mav solve for that tena. 


- X SSe « 3C oliir 


The reactance of the eotvirnser is obVHMtsIj 10 




372 ahme 


As in the clnaa C Rtnplif ci, the cite of the choke L, nn^ of the hlockuiK von- 
Jenser C, is not critical ami, follownnir the prOCeJurc of the d.aa.s C ampli. 
RorcsainijlG on p:igu-121. we luay eolve fur fh<* inductances and capacitances 
for an nssnmed froiusncy of tOfirt ko as follows 

IC-S-S,!. 

i.s|^xio.se<„u , 


The end leak rcsistunec may l>e found from tig 
144 

n, - «= 1870 oltnis 


VbT° ' 


The approximate metliod of lank ciicinl dcs«ffn, as Rifcn for the 
cias« C amplifier on paj;i! 121, may also be applied to oscillators 
Tlie reautanrr tlirn obtained from Eq. (10-42) is Unit of £>2 for 
the Hartley oscillator of Fig 11-4, and that of the eomlmscr (7i 
for the Colpitts oscillator of FLg 11-5. [t'or tlio Colpitta o.scillntor 
Eq. (JO-12) nlioald read l/ciCr = f^r~/PiiQ ] lo the Hartley os- 
cillator the cods Lt and £* are usually a angle roil as iiiJifated ia 
Fig. 11-4 which must be made somcwliat larger than the com- 
puted value for Lt. The conilcnser f7 must he of suifabie size to 
Imie this coil to the dcsirctl frequency. The grid and plate leads 
should then be brought out from the tube to taps on the coil and 
final adjustments of allcmnUng grid and plate voltages can bo 
made experimentally after tltc oecillator is in operation. 
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Inuretising the grid voltage of :ui oscillator by iDOving the grid 
tap fartlicr from the cathode tap increases the bias ns well as the 
alfiernating voltage, heepiug the roaximum posil.ive grid voltage 
approximately c<mstant. This results in higher plate efficiency 
with very iittlc change in output but witli appreciable iucreasc in 
gi'id driving power. In general the grid tap should be so placed 
as to provide the maximum grid voltage consistent with a reason- 
able size of coil and wtliout requiring excessive grid driving power. 

Frequency Stability. The term frequency slability refers to tlie 
ability of the oscillator to maintain constant frequency under 
operating conditions. The frequency ot oscillation is ob^dousljf 
affected by smy micbanccs in the circuit in addition to 1.hose of the 
tanlt. Most of these are constant and thus do not affect tiie fre- 
quency stability; hut l.he Uibe eapacifances vary somewhat with 
the Blofitrode potentials, and the reactance introduced by the load 
may change with any variation in the power deniaud.' Variations 
in the tube capacitances are of greatest importance at very liigli 
frequoncies where these reactances are of the same general order 
of magnitude as the components of the tank circuit. 

Frequency stability is also affecicd by changes in the resistive 
components of the circuit, principally the effective load resistuiieo 
and the plate resistance of tlie tube. It is also affected by the 
gain of the tube and therefore varies with any change in Ihe tvans- 
conductance, Thus it may be said tiiat good frequency staiuiity 
depends upon supplying the tube with d-c power supplies of good 
regulation anrl liigh degree of constancy to maintain a , 7 m , and r, 
constant, and tJpon maintaining a constant load. 

The effect on the frequency stability of changes in resistance may 
be seen by constructing a vector diagram of the fundamental com- 
ponenl.s of tlie voltages and currents in tlie osciliator. To illus- 
trate, (he Hartley ciroiiit will be used, the u-c circuit elements of 
which are shown in Fig. ll-llo where the effect of the blocking 
condenser, plate 'choke, and grid currant are considered iiegligililo 
and where Ri and liz liave Oic same significance as in Fig. H-IO, 
Actually ^ and r, (especially the latter) are noli constant, but 

* Sne R. L. Krcemtin, Use of Feedback to Com|>eii6ate Tor Vncmim-tHbe 
Input-capaeitance 'VariiitioUB with Grid Bias, Proc. IRE, 26, ji. 1.300, 
■November, 10.38; .and .Toliii F. Farringtou, CompcustiliiiK for Tube Input 
Capacitance 'Vaviatidii Ijy Double Bias Provision, Coiinuunictilions, 20, 
p. 3, Sept(2mber, 1940. 
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quite satisfactory* concinsions may be drawn concerning the fre- 
quency stability of the oscillator by a<5siiming average a-alues for 
these tube coefiicients. 

Let the current I- flowing tbrou^ coil L* bo the reference vector 
(Fig ll-llb). Tlie voltfl}^ across this coil will lead the current 
by’ slightly less than 90 deg owit^ to losses in the circuit, te., 
it will be equal to + i-Y*) and Is shown as E,, Fig 11-llb. 



l-'io 11-11. (al Equivalent H-e circuit amt (&1 vector diacram of o Hartley 
oscillator (l/wC, — 0, «) di.^.anil^inreall Rliglitryleas than 00 deg 


Tlie ciirrrnt flowing through the lank condenser C must lead the 
voltage E, by sliglitly Ic® than 90 deg; f.c., 


The reactance A'l is of course smaller than the capacitive reactance 
A%, so the net reactance is capacitive The voltngc Ef across 
tho terminals of coil Jji will lead the current Ij hy’ a little less than 
90 deg, being equal to Xi(/fi -1* jXi). This same voltage will be 
ajiplied to the grid of the tube, since the drop through the grid 
condenser was assumed to be negligibly sniall. It may therefore 
be seen that tho grid and plate voltages am nal <nil cj ■phase hp 
180 deg but are shifted throu^ a auall angle ouHrig to the resistance 
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components of Die Ian}.: circuit. The only possible way for them to 
dilTei- by 180 deg is for Ri and Rt to equal zero which wo\ild mean 
zero output as well as zero loraes. 

Inspection of Fig. diows that any change in the length of 

the lyTy vector (due to a clmnge in r,) must be accompanied by a 
olrange in the relative positions of Uie Ep and E, vectors to satisfy 
the relation 

= Vp + Ep (11-39) 

This phase shift is provided antomalicaify by a slighl, change in 
frequency sufTioienf. to alter tire reactances of the tanlc circuit by 
the requisite amount. 

Metoods of Increasing Frequency Stability. An increase in Q 
always impreves frequency stability. This may be seen by re- 
calling that high values of Q indicate large energy storage, and 
large energy storage hi a tank oircuit lias a similar e^ect to tho 
storage in the ilywheel of a reciprocating engine which tends to 
maintain constant angular velocity of the wheel and therefore 
shnisoidal raotion of the crosshcod. The effect of Q is also indi- 
cated by Eq. (10-42) where an increase in Q is seen to be accom- 
panied by a decrease in the tank eireuit reactance. The j'csist- 
ances and capacitances of the tube are scon to be in parallel with 
the tank eireuit reactance and will neccasarily have less effect as 
this reactance is decreased. 

Frequency stalnlity may be improved by the insertion of suit- 
able reactances in seric.? with the plate or grid leads to bring — 
and Ep into pliase, since a change in r, will then require a change of 
Ep and E„ in amplitude only, not in pltasc. In the Hartley circuit 
the plate-blocking condenser will sen'c this function if propei'ly 
designed. For cii’cnifs with a Q of approximately 12, Cp should 
be of the same older of magnitude as the tank capacitance, for 
most tviodes.' 

Since changes in load, cither resistive or reactive, affect i.he fre- 
quency, oscillators should be operated into a conRf.ii.n(, load. One 
method of improving the constancy of,, the load is to use the oscil- 
lator to drive a class C lunpliiier with the load coupled to the plale 

' For more iletails sec D. C. Prince and F. B. Vogdea, V.'icuum Tubes as 
Oscillatiou Goiierators, Part IV, Gen. EUc. Rev., 30, pp. 147-352, Marcli, 
1028; also F. R. Llowcllyn, Constant Frequency Oaoiliators, Proc. IRE, 19, 
D; 20G3, Dacombor, 1931. 
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circuit of tlii^ nmiilificr. Such a cufnbiniitinn is rnllcd a mastrt 
ofcillnlor, jxjtfrr ampUftfr (nlihrrviuh'il MtM’A). I’or maximum 
stability the Rrid <tf the ria'ix C nDiplificT not lie driven po->i- 
live atul, t^ben sn opt'itilrd, tiiR amiililkr i:< commonly knonii na a 
hufftr ntnpli/ii'r. The ImfTcr normally w of relatively Imv-iiowcr 
out init iinct is pcnernlly tiscsl to dm-e a eln«^t C amplifier of normal 
dcsijtn. Tliis second amplifier snppltca llir load or drives another 
amplifier of still liiRlicr power nktini; 

MtiUicrid tuliea may pwc as Imtli oscillator and luilTer, ns in 
the cinniil of Fig. 11-12, known as an rfrc/rwi-conpfrd ovrl/afer. 
Here the firt't t«\o prids of a jientoilc eon.stitiilo the control prid 
nml nnwie of n convcnfkinal oscillator, anti the plate stipplifti the 
load, llic electron stream flowinp thotipli the tiil>e to the pluc 
IS varied by the oscdhuinp iiotentutU on tlic first two Rtid*, pnv 



I'ju 11-12 Cireuit «f i»u elect ton cwu|>le«l <ivci{ialur osinp a latitude ml* 

cliicinp II current m iIm; load of the same frequency. The third 
gnd acta ns u senvn practically to eliminate ary capaeitarcc bc- 
twi'cn the plate tint! tlic first IwopritUof the tube. 'lliiH a ehaiipc 
in loml will have no cfTert on the frrtjueney of oseillntiiin, since the 
eiMfroii stream that Rippliea the output is unidirectional nnd all 
tube cupiicitances between the plate awl the first two grids have 
been virtiuilly eliminated. It is evident, of course, that no ex- 
ternal capacitnnee.s or other -smircea of couplinK between tlio load 
nnd the oscillatorj* circuits can be tolerated if maximum frequency 
stshtiily « to fw rtvii'izfe}. 

The screen pnd of the tube in the circuit, of Fig. 11-12 provides 
no screening action since its potential vanes with the frequency 
of orfcillation, nil sliiclding of the plate iK'ing due to the Fupprvs-*or 
grid alone. In the eimiit of Fig. 11-13 the screen grid, while 
serving ns an anode for the oscillator portion of the circuit, i^ 
tnaintairriJ ut ground notential for rariio frequency nnd so pro- 
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vides scieening acticHi between (Jxe plate and the oscillator portion 
of the tube. Since only one deelrode may be grounded, the 
catliode must be operated abov’c ground for radio frequency as 
shown. The capacitance between cathode and heater is effectively 
acros.s points K and P but is sufficiently small to have negligible 
efl'cet at anj' but fJre higher radio frequencies. Its effect ma 5 ' be 
removed by inserting r-f chokes in each heater ^\ire at the points 
indicated by crosses. 

Grid-condenser Design. If the grid condenser is not called 
upon to conect for pirase angle between grid and plate voltage, 
its TOJU'.t size is not cntical. It must be sufficiently large to 
maintain the grid bias reasonably constant throughout the cycle; 
ii., the time constant of the grid condenser and grid leak must be 
fairly long as compared to tlxe time of «tu! cycle. However, it 
should not be made any larger than neccssarj’, as too large a grid 



source 

Fio. 11-13. Electron-eonplcd oscillator with improved shielding of 1,ho 
plate. 

condenser may cause the oscillator to operate intermitteutlj', 
the intervals between oscdlaling periods being n fimctioii of the 
time constant of the circuit. Hiis may be explained as followsri 

When the tube is operating at ma-ximum effieieney, it is neces- 
sarily operating fairly close to the point of instability, so that a 
momentary drop in alternating grid voltage, due to a sudden in- 
crease in load or other disturbance, may caiiso the output, from tlic 
tube to become less than tire power absoibed by i.lic load. The 
oscillations in the tank cireuit rriU then tend to die down, further 
decreasing the .alternating grid volts^. With a small-sized grid 
condenser, howevei-, the grid bias wUl immediately deciea-se, pro- 
ducing an increased plate-cuiTcnt pulse, and thereby bring opera- 

'For a more complete discussion of this phenomenon sec Prince and 
Vogdes, loo. cii. 
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tion back to normal. Riifc if thn grid condenser is too lurge, it will 
tend to maintain the grid-bias ccmstnnt so that nry drop in alter- 
nalmg grid voltage will decreasse the siae of the plate-current pulse, 
thereby fuitlier lowering the power supplied to the tank circuit 
until tlif! oscillnlioiis erase. After a elioit interval of tiiiie the 
charge will leak nff the gnd nnnricnser, and the tube wll again 
start oscillating, building up to its normal output, after which the 
cycle raa3’ repeat For oscillators with a 0 of the order of 12 to 
20, a gild condenser having a cafxicitance of about 50 per cent 
that uf the tank cumliaiser elunilil prove satisfactory If inter- 
mittent oscillations do occur, a decicasn of either the grid condenser 
or the grid leak should correct the condition. 

R-C Oscillator. Although most oscillators are built with both 
mduetance and capacitanco to provide energy storage and to de- 
termine the fre({ueQcy of oscillation, it is posmble to build one with 
capanitunce and resi.stnnce (no inductance), known as an R-C 
oaetnolor. Such an o&ciUator has the advantages of greater sim- 
plicity in construction (inductances must normally be shielded) 
and of greater frequency stabilitj' and generally better wave shape I 
The frequency range itt liuiiled to lliut in which a resietaace- 
cuupled amplifier will operate; thus R-C o.'inillators operate at 
uiitlio (ir at video frequencies, not at higher radio frequencies 

Figure 11-14 shows a block diagram of an oscillator of this type 
It consists of a resistance-coupled amplifier %vith negative feed- 
back but with an added itoetlwc feedback circuit consisting of 
ffiiJjCiCj The positive feedlmok vanes with frequency soine- 
what 116 iiidimtctl by etirve « of Fig 11-15 while the negative 
fccdb.ark 16 t elatively independent of frequency, as in curve h of 
Fig, 11-15 Thus if the negative feedback is less than the mavi- 
mum positive feedback, as indicated, the aniplifiBr will oscillate at 
the frequency of uia.\iiniiin positive feedback If the negative 
feedback is nmdi! upprcci.iEily less than that which will Just permit 
the amplilicr to o.scillale, the wave shape mil be poor; if miule 
large enough so that the amplifier is just able to oscillate, the ivave 
shape is remaikably good with a distortion as low as a fraction of 
1 per cent. In a commercial unit special means are provided to 
ensure that the pioper amount of nefpit.ivo feedback is mair- 
tuined at idl frequencies (n.<(io the oirciilt of Fig. 11-15, for example, 
which is dcscribeti on page -ICC). 

The circuit of Fir 11-9 may be used to represent this oscillator 
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even though no actual inductance is used. To demonstrate this 
let us iu'st determine the impedance seen looking to the right at 
tlie terminals FG in Pig. 11-14. This may be done by dividing 
the voltage E by the.onirait floti’ing at F. Since the inpiiL im- 
pedance of the reaistance-coupled aInpli^ifM^ is normally very high, 
this current may be considered as bmug equal to the current I 
flowing thi-ough the positive feed-back cirrait. Adding the poten- 
tials arovmd this circuit from ground on the input to ground again 
at tile output, we may write 

E - I - AE^= 0 CU-40) 

where AE is the output voltage, using the same notation ns n'as 




-vWW 1|- 


T 


(AE Ouiput 

“T 


Fio. 11-14. Block diagram of a It-C oscillator. 


used in developing the equations for tho resistance-coupled mnpli- 
licr, page ii09. 

Equation (1 1-40) Tr«^ now be solved for the voltage E, and the 
impedance may then be found by dividing E by I to give 

Zso 
or 

Ipa « 

A comparison of Figs. 11-14 and 11-9 will show that and C^ 
of the fonner figure could represent r and C of tlie latter figure, 
ill which case should r^rcsent R and L of Pig. 11-9.' For 
this to be so, the reactive term of Zra must be inductive instead 


1 -h jt»Ri Cl 
■ - A) 


Ri 

1 - A ■ 


(11-41) 


(11-42) 
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of capacitive vhicli ^vilI be tlic case if A lias a aero phase angle and 
is greater tlian unity. Furlbcnnorc Eq. (11-11) shows that cither 
r or ^ must be negiilive if <r is to Ik* zero If A liii.s u zero pliasc 
angle and is greater than unity, tlic resistive component of T.,q 
will be negative, thus ftilfillitig all the requirements for oscillation 
ns setup for Fig. 11-9. 

Hcfcrciicc tu Eq. (9-10), page 2CD, 
shows that A fnrn Bingle-stngc, resist- 
anec-cotiplcd amplifier is, throughout 
the useful frequency range of the am- 
phriiT, greater Mum iiiiily but hos a 
ph.asR angle of ISO deg. It is there- 
P. 1 ,, ll-ia in.TtV.n™ ,1„ lore lo u.« t.vo b,h» of m. 

manner in winch feviihach phfication in order that the o\er-tiIl 

nnglc, anil A, ns used here, n’pnwiiits 
this over-nil factor ntwl not the gmn pet stage as in Chap. 0 
Since A is to hiuc zero phase angle and be greater than unity, 
It seems dosiiablo to rewrite Eq. <11-12) in terms of (A - 1) 
iiisU'iid of (I — A) and to use the magnitude d instead of the voo- 
tor A. Thi.s gives 

This form of the equation sliows more clearly tlian Eq Clt-t2) 
that the amplifier and positive feed-back circuit EiCi are the 
equivalent of a negatho resistance H and an indiiclunce h, where 
Z„ = « + j«f, (11-14) 

R (n-is) 



h = 


1 

»*(7i(-l — 1) 


(11-40 


It is evident that the equivalent inductance L of Eq. (11-lG) is 
quite different from the usual inductance since it varies invcr.i^ely 
as the square of tlie frequency. Tliis is because its reactance 
varies iVircrsefjf as the frequency, not d\it€i\y, as indicated by tJ'e 
second term of Eq. (11-13) 

One might expect that the frequency of oscillation would be 
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found by substituting into Bq. (11-29), but instead tlic frequency 
is found from Eq. (11-14) by making a equal to zero. Making 
the substitution of r = lit, C = Ct and substituting fur R and h 
from Eqs. (11-45) and (11-46) gives 


^ /e, £o’c,(x ~ 1) I 

^ A - 1 2 2RiC\ 


(11-47) 


Solving for «j gives 

1 

" “ VAifeCiC, 


(11-48)* 


If, as is normally the case, Cj « C* = C and i?j — if, Eq. 
(11-48) may be rouTittcn in terms of frequency as 




1 

2irifC' 


(11-40) 


'nie capacitances C\ and Cs are normally variable, air-diolectii'ic 
oonHensors mountad nn the same shrift, and tlie frequency is 
varied by tiirninR the shaft of this dual condensor. A comparison 
of Bq. (11-40) with Eq. (11-34) for tvmcd-oircuit oscillaiovK 
shows an advantage of R-C oscillators to bo that, as the condoiisor 
is rotated, tlie frequency varies inverselj' as C, not as tJic square 
raot of C, which gives a greater frequency change from minimum 
to rtinximum condenser positions. In addition, the range of fre- 
quencies covered may be clianged iry adjusting R in steps so t)int 
the R-C oscillator may en.sily be dcslgucd to cover any Irand of 
frequencies for wliich a resistance-coupied amplifier may be satis- 
factorily designed. 

It is of interest to substitute fii, 7?^, <7i, and Cj into Eq. (11-29). 
If the equation is first squared, the result is 

= . JCAA -i)Rx~ Ri/U - 1) 

„ ^ (11.50) 

Wo may cancel ui wit of both sides of the equation and simplify to 
obtain 


This is the condition required fw steady-state operation and, if 
A tends to exceed this value, the amplitude of oscillations will in- 
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crease until operation takes place over the curved portions of the 
static characteristic curves of the tubes This will increase the 
plate resistance ol tJie tubes until A is decreased sufficiently to 
satisfy the requirements of this oscillittor but will iirntluce non- 
sinusoidal output To ensure Rood wave shape, the nesative 
feedback of the amplifier must be adjusted until the amplifier will 
just oscillate whence A will very neatly satisfy Eq. (11-51) with 
the pnsitivR feedhnek mmoved. For best performance this aetion 
should be automatic. 

If lii sj Ri and Ci = C», as is usual, A must evidently be equal 
to 3. 

Figure 11-lG shows the circuit of a commercial type of H-C 



oscillator. 11 TJi, Rj, Cj, and Ct were ivmovcfl, the remainder o£ 
the circuit would be a conventional two-staRe, re.instance-coiiplcd 
amplifier with negative feedback, the input being between ter- 
minal F and ground. Tlie negative feed-back circuit is through 
Rt and R], this being eseeniially IIm; same elrfinit us tliat of Fig. 
9-74, jxiga 370. The rcsfetiinee fit is cranmonly n small tungsten 
lamp, the resistance of which varies widely with the magnitinto 
of the current flowii^ throi^i it Thus if the amplitude of the 
oscillations starts to increase, Rt becumes larger, increasing the 
negative feedback and preventing any apprcninble rise in ampli- 
tude. This procc!(km? mitomatirally maintains the nepntive feed- 
back at appro-vimately its maximum permissible value as Jti, Ri' 
Cl, and Ct are changed to adjust the frequency, and so maintains 
rcasniiably good wave sliape at all frequencies. 
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Phase-shift Oscillator. Figure 11-17 shon-s tJie ciicuit of a 
single-tube, resistaiico-caiJacitancc oscillator known as a 'phase- 
shift oscillator. Appreci-able phase shift is introduced by each 
rcsistance-oapaciiance mesh {RC in the ^ure) so that, although 
the tube introduces a phase ^rift of 180 deg, the over-all gain A 
from F to H can have a phase angle of zero with an amplitude 
equal to or greafor than one. The amplifier will then tend to 
oscillate at tJie frequency for which the phase angle of A is zero 
and theiefore at the fiequenqy for which the phase shift tiuough 
tlie resistance-cajwcilance network is 180 deg. Good wave shape 
lequiies adjustment of Uio wnplifier gain until oscillations are 
barely maintained; fa., A should equal one. 



I'le. 11-17. Plnute-xhift oscitintor. 


Crystal Oscillators. Tn r.odio transmitters and other applica- 
tions, the frequency of the output signal must be maintained con- 
stant to a very high degree. In radio broadcasting, for example, 
stations are assigned to certain channels, and the various uhiinnels 
are spaced 10 kc apart. Since the frequency siieetium covered 
by a broadcast station is not less than 10,000 cycles/scc (owing to 
the side hands, see Chap. 13), it is evident that the transmitted 
frequency of a broadcast station must be held constant to a 
very close tolerance, the present figure being 20 cyoles/scc,' Tlie 

' Aaothor fn.olov iilTcoling tUe frequency tolerance required of broadcast 
stations is tbe production of bisal Frequenciee by stations loc.ated sonio 
distance apart hut assi^ed to the sunc frequency. The i^hysioal spaciiiK 
of the stations is norinally such as to proeinde the possibility of any appre- 
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freciuencj* tolerance for stations iii other types of service is not 
quite so rigi<i hul must, not «*tee«^0 Oo pier cent for most Berviccs 
To msintaiu tliis close tolerance, piezoelectric crystals are com- 
monly used in the tank circuits of tint fritqiinncy-controlling 
oscillators. 

Certain crystalline m-nterials, notnhly Hochcllc suits, quartz, 
and tourmaline, are capable of producing piezoelectric effects, 
i.c , when compressed or otherwase placed under mechanical 
stmiu, nlecdric charges appear on oppiositD faces of the crystal. 
Conversely, when electric charges are applied to opposite faces, 
mechauiral strains are set U]> witbm the crystal. The magnitude 
of the potential set up by rneclianicol strain varies from a small 
fmetion of a vnit up to as high i«5se%cnil hundred volts in Rochelle 
salts 

'J'his piezoclofitrui rrfTeet m.ay be utilized to fix tbo frequenny of a 
vacuum-tube oscillator with an accuracy of better than 1 part 
iu 1,0(XI,C)(X1 A cryslul is .so ground th.at, when set in vihriition 
by suitable application of altemaliog potentials, mechanical 
resonance wil! occur at the desired frequency. Quartz crystals 
are generally used for this purpose, although they produce less 
reapoTi'ic than Uoc.hclic salts, (hey are much better taceharucally, 
bebg less liable to fracture under strong electrical fields or me- 
chanical shock. Tourmaline is still better mechanically but 
weaker electrically than quartz and Cnds some application at very 
high frrqucneicg, where the ciy'stals must be ground so thin as to 
make the use of quartz unpnictical. 

A simple circuit suitable for use with, a piezoelectric crystal is 
shown in Fig. 11-18. Tln! circuit w casrntinlly that of Ihn tuned- 
grid, tuneci-pl.ate oscillator of Fig. 11-7, the crystal and its holder 
constiUiting the tuned-grid cirenit. This circuit will oscillate 
when suffieiont energy is fed back to the grid circuit to supply its 
losses Referring to Eq. (9-7), the jiowiif flowing Jrom ihe grid 
ctTcuil through the grid-plate capacitance is 


ciabie leceptioji ol Ibe mwlulalion of both stations, hut there may be le- 
gions between the stations u here the t<vO carriers are of sueh strength *3 to 
prixiuce a beat note or wbititle the frequency of which is equal to the differ- 
enee in the frequencie-s of the two statioos Since the frequency toler.ince 
is but 20 cycIcs/RCe, the maumutn heatfreqaeney (40 cycles/eee) is too low 
' . 1 , and it U extremely 

-\tremes of their per- 
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p = E,H} = ^£') (11-52) 

where G is Lhal, component of tlie input oonchictanco cirie to the 
current flowing through the grid-plate capacitance. If the ilght- 
Imnd term of this equation is negative, tiie power flow must be in 
the opposite diiection, or loward Ike grid, a necessary condition for 
oscillation. The teim wnllben^ativeif sin is positive (inductive 
load) and will be large if the load impedance is high.* 

The high inductive j-cactance required in the plate circuit of 
the crystal oscillator may be supplied by a large indnci.ance but 
can generally be more cheaply and satisfactorily obtained by 
using a parallel condenser and inductance tuned to slightly above 
the resonant frequency of the crystal. The condenser in the 
plate circuit of Fig. 11-18 is thoi«forR adjusted until the crystal 
oscillates satisfactorily; it has but little effect on the frequency of 
oscillation. 


The output of crystal-controlled oscUlatore is limHecl by the 
alternating voltage that tljc crystal will withsiand. lilxcessivo 


voltage may cause the crystal to 
vibrate mechanically with streh 
violence as to fracture. Tlie low 
output from this tji-pe of oscilla- 
tor is no limitation on Hs useful- 
ness, since it may be used to drive 
suitably neutralized or screen- 
grid amplifiers, amplifying tire 



signal to any desired Icvd. In the radio field, crystal oscillators 
are used to control transmitters delivering hundreds of kilowattsy 
into the antenna. / 


Characteristics of Quartz Crystals. N.atural quartz erj’stals 


arc hexagonal in shape with pointed ends (Fig. 11-19), although 
they are seldom fo^ind with both .ends perfect. Three principal 
axes have been designated, the Z axis beii^ known as the optical 
axis and the X and Y axes as, re-spectively, the electrical and 


mechanical axes, Tlie X axis, as may be seen from the figure, 
runs between opposite points of iJie hexagonal cross section of the 


crystal, whereas the Y axis is perpendicular to the opposite faces. 
Crystals cut perpendicular to the X axis are Imown as X-cul 


crystals ; those cut perpendicular to tlie Y axis arc Imown as Y-cut, 
or 30-iiep cut. 


* This [ollnwa sinRc A iiicreoacs with the load impedance. 
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Crj’stalci may be made to -vibrate at a frequency that is a func- 
tion of tlieii width cr of then Ibiukucss, as dosiiod. The thickness 
of un X-cut ciystal is in tl»e direction of an -Y axis, and its n-idth 
IB in the direction of u ^ a-vis.* yimilar relations hold for the 
V-ciit crystal except that lU nidlli is along the X axis and its 
ihiclsiicHM m tliii direction of tlie 1’ a-vis. For very low frequencies, 
b,iy below 200 kc, the width vibralioo is used, as the mechanical 
dimensions for siicli low frcciunncies ate comparatively large, about 
2 80 cmhcing required for a frequency of 100 kc. Width-vibradon 
crystals arc usually tw cut tliat llwnr kmgest dHuensiou is jdong 
the y axis (for nn X-cut ci^Tital), this dimension determining their 
fre.jiienoy of oeoillation. For higher frequencies, thickness vibra- 
tions arc generally employed m ordur that the duueusions of the 



tho 11-19 Sketch of quarU cr>atal •bonne location of X aad Y out*. 
Actual cr} Btala arc not so tegular at the one shown 

crj'stfil may not be too small. For this type the surfaces must be 
accurately ground to secure the correct thickness at eveiy point 
in the crystal 

Zero-temperature -coefficient Crystals,’ The resonant frequency 
of both X- and Y-ciit crystals varies with the temperature Tiic 
teinperature coefficient of all X-cut crystals and of width-vihration 
Y-cut crystals js negative, whereas that of thickness vibrntion 
Y-cut crystals may be eitlier positive or negative or even zero de- 

‘ This may he cousidcrccl os its leiiKth it Urn Jimeneion along the V aus 
e’ceeeds that aloiiK the Z j»\»» This is cumnionly the tiiisu for crystals op- 
era tine at very low frequBnoieauhich are often referred to as crystal bars 
' An e'ccelicnt discussion of Bueb eryatnis is giver hy W P- Mason, Low 
Toiiiiicraliire Coefficient Quart* Crystals, Bell SytUm Tech J , 19. p 74. 
January, 1940. 
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. .... tl-30. IllunUiLtinis l1ie 
mntbatl of outting a oryetnl at 
an anglfl to tlio Z axis to aocuro 
ro-t<«n{)HPntiira oiioffioient. 


pending on the temperature and the relative dimensions of the 
crystal. Y-oui; erystals are not used extensively, as lliej’’ often 
have more than one frequency of oscillation, differing from each 
other only a, small percentage. These multiple frequencies are 
especially prevalent in thin crystals. X-ciifc crystals ha\m been 
widely used in temireratnre-controlled ovens whicli maintain the 
temperature of t.he crj'etal to within ^ 

0.1"C, usually at a temperature of 
aboubD0“C. Whensnoperatedjthey 
are capable of maintaining the fre- 
quency Qonshint with accuracy 
of as high jis 1 part in 10,000,000. 

More recently mystals have been 
cut at an angle to the Z axis by 
rotating the cutting piano around 
tlie X axis (Kg. 11-20). Jt lias 
been found that a rotation of about 
35 deg in a positive direction (clock- 
wise in Fig. 11.-20) will produce a 
ovystol with zoro-tomperatvjifs-coclfi-. 
oient, known as an AT enU (Kg. 11-21). If the plane is rotated 
49 deg in tlie opposite direction, anotlver zoro-teraperature-oo- 
eflicient ciysta! is obtained kiio\vn 
as a BT-f.\il crystal, Those crys- 
tals vibrate in slieur, simiiar to 
the Y-cut crystals. 

Tnvo otlier zero-temperature- 
coeHicient crystals are obtained 
from what are knowm as tlie CT 
and the Dl' cuts. The CT cut 
is approximately at i-ight angles 
to the HT cut, and tiio DT ap- 
proximately at I'ight angles to 
the AT (Fig. 11-21). These are 
especially suited for lower fre- 
quency performance, notably in 
the range of 50 to 600 kc. They oscillate along their longer dimen- 
sions in such a way that one pair of opposite corners draws in 
toward the center of the cry^al while the other pair moves out- 
ward. This is illustrated in Pig. 11-22 whore the dotted lines 
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inilwate, in u gveiitly exaggerated maaner, the movement of the 
crystal cUinng onc-Lalf cycle of oscillation. 

j\Il tlie acro-tcinpcratiire-eoefficient crystals just cleBcribed ex- 
hibit tlieif constaTit-freqiiwncy properties at one tempeTalnre 
only, the temperatine coefEcient increasing from zero as the tem- 
perature is varied. Tlius for maximum accuracy 
sonm soit of tecupcratura-controiling oven is 
n«^<le<i even with these crystals, although tlie 
error jntToduewl by a email change in tempera- 
ture is veiy much less than in X-cut crystals, 
and an improvement »a frequency stability may 
be e-xpected either with or without an oven. 

Slid auolher type of cut produces a crystal in 
wbinlt Ike temjieruliiTe coeSHcient is Bssentiaiiy 
swm over a very wide mngc nf temperntum, the 
frequency varying leas than X part in 1,000,000 
throughout a temperature range of 100*0 This crystal is ob- 
tained by rotating the principal axes of a CT or DT crystal by 
45 (leg, as shown in Fig. 11-23, and is known os a OT cryslaV 
By comparison witli Fig 11-22 the vibratinn ivill lie seen to consist 
of lungitudiual vibrations as shown by the dot ted hues in Fig 11-23. 

Tlu! vilirnf.ioD system of any crystal is 
extremely complex, Each crystal, for 
example, has at least two vibrating frequ- 
encies ; one a function of its width and the 
other of its thickness Coupling exists in 
the crystal between Ihoue diffcreut modus 
of vibration ami tjetween their hamionics, 

Tlie degree of coupling varies with the 
dimensions of the crystal and with the 
relative values of the different, vibration 
frequencies, often producing multipleicso- 
nant frequencies at closrfy spaced intervals. This is particularly 
txne ot X-cnt.‘itys.tsA*.»iidi&o’afcQ£t.\\eiviA(M\'E,'«by Uii.V'iu.tb.a.vont, 
been widely used In tha ^ecial zoro-temperature-coefReient 
crystals one of tJic two principal mndca of vibration iiaa a positive 
tiOTpenitiirc eocHiMicnt and tlie otiicp has a negative ^•oefiicient. 

’ W. P, Mason, A New Qaaitz-eiyetuI Plate, Designated the OT, Whieb 
ProUutea a Very Coiialsut I'tequencv over a Wide Teiuperature llange. 
Proc /ffff, 28. 'p 220. Mw, IftM 




Fio. 11-22. JlluB- 
t.patine the mode 
ot osuilUliou «f 
CT and DT crys- 
tals 
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interaction between the two giv« a resulting vibration period 
independent of temperature. 

The ratio of the axes in the GT ciystal determines the degree 
of coupling between the two principal modes and Iherufoie coutrois 
the tempei-ature coefficient. This ratio may be varied by grind- 
ing one edge of the crystal until the coefficient is zero. It lias 
been found that a zero coeffident may be obtained in this manner 
nt angles of cut lying between -f-35 and +75 deg. For negative 
angles the range lies bctu'ccn —50 deg and an angle somewhat 
greater th.an —70 deg. Mason reports use of a GT crystal for 
measurements in the Caribbean Sea vrith no tcmpcratuio control 
but with the crystal contained in an evacuated container to exclude 
moisture and the effects of barometric pressure, wherein the fve* 
quency was maintained constant to witiiin se^'eI•al parts in 
10 , 000 , 000 .* 

The GT is used at low frequencies, its maximum frequency 
being about 1000 kc. For higher frequencies the AT cut is most 
oonunonly emploj'cd, ullhuugh, as previously stated, ninxinnim 
precision requires some sort of temperature control. Novortholoss, 
the frequency stability wit.hout temperature control is sufficiently 
high foi' many applications, and the ciysi^il is often so used. 

Equivalent Circuit of the Crystal. Crystals are used in vacuum 
tube oscillatore by moimting them between two electrodes con- 
nected to suitable points in the oscillator circuit. Since Iho mo< 
chanica! vibrations of the crystal induco electric 
diarges on these electrodes, the crystal may be 
replaced by an equivalent dcctiicul resonant 
circuit having suitable constants.* Figure 11-24 
shows such an equivalent circuit in which C’„ 
represents the capacitance between the elec- 
trodes and any capacitance in the e.xternnl cir- 
cuit;and L, B, and C represent, respecth'cly, the 
mass, the mechanic.al and molecular friction, and 
the comxjliance of the crystal, llicsc constants 
have been dctcmiined for various crystals and 
show the crystal to be the equivalent of an electrical circuit having 
a Q higher than can possibly be obtained with any coil and condenser 

'Mason, foe. oil. 

* K. S. Van Dyke, The Resoclootric Rcsaniitor iind Its Eciviivalent Net- 
work, Ptoc. ire, 16. D. 742, June, 1928. 



FtO. lN2-t. Fqiiiv- 
nlcnt circuit of a 
cryslMl and its 
holder. 
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combination yet designed. A tj-picaJ set of constants for a OO-kc 
crj’sta! is L, 13.> bcnrye; C, 0.021 /ifif. It, about 7,‘500 dims The 
Q of sucli a cry.stal is therefore over 11,000, enormously higher 
than any liigh-grade dectrieal circuit. Some of the more re- 
cently developed GT i;ry."rtnl5 have a Q ils high ns 3.^0,000 ivhea 
properly mounted in an evacuated container. Higher frequency 
ciysliils generally have a soraewhat lower Q, but one that is still 
sutRcie.ntly high to ensure precisicia of frcqueiuiy control. As 
explained on page 459, Q is the figure of merit in determining the 
constancy of frequency. 

'I'bo coiistnacy o( the cryKtal-oscilUvtor fieiiuency may be 
trated in another way Tlie crystal it.sclf is the equivalent of a 
serics.reBonant circuit (Fig. 11-24), wlwreas the tuned-gnd, tuned- 
plato oscillutoT (uC which the circuit of Fig 11 -in la the equivalent) 
rrquiwfl a parnllrl-rcsonant circuit between gnd and oatliode. 
In the circuit of Fig. 11-24 the parallel-resonant circuit consista of 
C* in parallel with an equivalent iiiductaiico from the cryetal, 
» c., the c rj’stnl operates at a frequency slightly above its resonrnt 
point BO that its net reactance is inductive. Assume that a crystal 
having the constants given in the pieceding paragiapli is mounted 
m a holder iv-ith a i^apacitnnee equal to 3 5 tifii. 'J'hc crystal 
will oscill.ate nt the frequency at which the reactance of the 
crystal circuit is equal to tliat of Cm, or very nearly bo; 


, /0.2S6 X 10'» + 41.6 X 10'* 
T 135 


‘ 557 X 10‘ 


I sJ5> 


The iinport.ant point in the foffigoing operation is that flic first 
tcTO. •AutUc tlw. tba t.U'?, cvt'icTO.t ci.- 

p.acitancc C„ , which may veiy evidently be increased or decrea'wl 
considerably with almost nrgligiiilo effect on the frequency. The 
reactance of Cn at resonance is about 0.5 megoiims, whereas that 
of L and C for the crystal are 70.3 and 75 8 mogohms, re.spectivdy 
Consequently an increase of 100 per cent in C'*, would require on’y 
hutficiont stnft in frequency to make A'j. and Xe for the crystal 
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differ by 1 luegolini instead of 0.5, or Xx, = 76.55 and Xc — 75.55. 
This represents a frequency siiiffc of 0.30 per cent. 

This change in C«, may be purposely made to produce a slight 
cliange in frequency, or it may be an equivalent change due to 
reaction from the plate circuit as represented by the last term 
of Eq. (9-7) (page 262). In either event tiro crystal prevents 
any very appreciable clmnge infrequency. 

Bridge-stabilized Oscillator. Crystals ai-e capable of giving 
increased frequency stability when used in a suitable bridge with 
a class A amplifiei- of lugh gain. Such a unit is known as a bridge- 
fiialilhed oscillator, and its circuit is shown in Fig. 11-25.' Three 
of (he faiir arms of the Irridge arc purely resistive, and the fourth 
isacrystai. The crj'stal opemtes 
at. its series-resonant frequency 
(see the equivalent circuit of Fig. 

11-24) 80 the shunt capacitance 
Cm of its mounting hasu Dcnrly 
negligible effect. The amplifier 
ig a convenf.ioniil class A unit <lc- 
sienetl to piotta nogligiblo dfs- 
tovtion. 

Evidently when the bridge is balanced, no signal is fed back to 
the input of the amplifier and the circuit is inoperative. Thus 
the bridge must lam slightlj' off balance, the amount of unbalance 
being such that the loss inserted by the bridge just offsets the 
gain of the amplifier. In practice one of the aiTos Ri consists of u 
re.sislanco with a very hi^ positive t«anperature coefficient, such 
as a small tungsten lamp, so that unbalancing of the bridge is mito- 
matically taken care of. If the attenuation of tlie bridge is too 
small, the output, of the amplifier increases, which in turn inoienses 
tlie resistance of the aim ffi until balance is restored. Too high 
a resistance at Till will produce the opposile reaction. Since the 
variation in rcsislauee of this ann is comparatively slow, it will 
not follow the r-f currents impressed on the bridge, and thus no 
nonlinearity is int.roduced to cause the generation of harmonics or 
their intcniiodulation.® 

‘See L. A. Meuchatn, The Bridge-stabilized Osoillatoi-, Proc. IJiJi, 
26, p. 1278, October, 11)38. 

* hlewellyu has sliown that this 18 ono of the causes of frequency insta- 
bility; see footnote on p. 469. 
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Auy change in phase nt^le or gain in the .amplifier will cause a 
Bmall shift in frequency, but the bridge circuit limits this shift to 
a very smiill value "PuHliermorB, the frequency stability in- 
creases with the gain of the aioplifier. Consequently an oscillator 
of extremely high frequency stability may be built by u«ng a high- 
gain amplifier and a low-temperature-coefficient crystal operated 
in a ftonstant-tempcral.'nTfe oven Two such oBcillatora were con- 
structed and operated over a period of several months with a 
maximum frequency variation of about 2 parts in 100,000,000, 
except for a slow drift due to i^iig of the crystals. This drift 
may be corrected by inserting nn adjustable reactance in series 
with the crystal. Slight variations in thb reactance will not ap- 
preciably affect the stability 

Uses of Crystal Oscillators. Frubably the largest single ap- 
plication of crj’stal oscillators is in nmintsinmg the frequency 
of radio transmitters within the tolerance roquircment of the 
Federal Commumcations Coiomission Other applications are 
found ia uuhbrallun work. A ciystal oscillator, ioi cxiuiiplc, may 
be used to drive a rauUivibmtor (to be described in a succeeding 
section of this chapter) by means of which frequencies having any 
desired multiple or submultiple of the oscillator may be obtained. 
If opi^aled in coiijiiuutinu wiUi nn ueciinitely enlibruted audio 
oscillator, any radio frequency whatsoever may be obtained, with 
an accuracy dependent only upen the quality of the crystal and the 
degree of its temperature couLrol.* 

In addition to the.se two fields theru are many special applica- 
tions where the high constancy of frequency desired may be 
achieved only through the use of a crystal oscillator. 

Frequency Control with Resonant Lines.* The frequency of 
an oscillator may be held umstunt by the use of a resonant line 
in place of the conventional tank circuit. For example, a trans- 
mission line that is an odd number of quarter wave length.? long 
and short-circuited at the far end acts like a parallel-resonant 
circuit with a Q much higher tlian tiiat of tlie ordinary coil and 

* Sec Frederick E. Teimaa, "ilfcaaiircmcnts in Radio Eogiueerlna,” 
McGraw-TTill Rook Company, Inc .New York, lOaS. 

* All e.Tcellent ducussion of tbisiaetLod of frequency cun trol at only mod- 
rrately high frequencies is given hy C. "W. 'nnnBcIl and P. 8 Carter, Fre- 
quency Control by T.ow Power Factor tine Circuits, Proc. IHP, 2t, p M7, 
April. W36. 
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eondeoser type of taiili drcuit. Such a tank circuit is, of course, 
most adaptable to u-h-f osciilatois, becaw» the physical dimensions 
of the lino become oumljersome as the frequency is decreased. At 
a frequency of 300 Me, for exampie, a quarter wave length is only 
a little over 0^ ft long, and the dimonsious are correspondingly 
smaller at higher frequencies. 

Lighthouse tubes and th<nr associated circuits present an. ex- 
cellent e.xnmple of the use of transmission lines as resonanl. circuil. 
elements for r-f oscillatoi’s. Figure 11-26 shows the lighthouse 
tube of Fig. 3-02 with the neeessaty tmnsmission lines to cause it. to 
perform as an oscillator. The oscillator consists of a resonant 
circuit between plate and grid, formed by the concentric trans- 
mission line between sleeves A and B, 
and B. second resonant circuit between 
grid and cathode consisting of the 
transmission line formed by sleeves B 
and C. Feedback must 1^ provided 
between the cavities of these (.wo lines, 
as by the coupling loop indicated in 
the figure, to cause oscillations. The 
frequency is determined by llic length 
of the sleeves, and the tube may be 
operated at frequencies up to .about 
1500 Me. Direct potentials arc sup- 
plied to the electrodes by connecting 
external leads to the ends of the sleeves 
through suitable chokes. 

Dynatron. A negative-resistance cliaracteristic can be used to 
produce oscillations by what is known ns dynatron action. The 
significance of a negative resistance is that it lepresenls the flow 
of power into a circuit instead of out. Referring to Figs. 3-40 
and 3.-44 (pages 73 and 70), the plate resistance of a screen-grid 
tetrode tube is seen to be n^ative when the plate is maintained 
at a potential somewhat lower than that of the kireeu. Conse- 
quently the screen-grid tube can be used to provide a flow of 
power into a suitable circuit if the electrode voltages are adjusted 
to cause operation in this negative region. Figure 11-27 shows a 
simple circuit utllinir^ this piindple in which the plate is supplied 
through a resonant circuit and is maintained at a potential some- 
what lower tl\an that of the screen grid. The function of the 


'Cricl’eafhode line 
[• 'P/oivgHe/ line 


I'le. 11-26. Li^Iitlioiun 
tube with eonceatnc triins- 
mission lines for ivsonant 
oireuits. 
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rHsnnant pirciiil is, (if rintreo, to iirov’ido cnei'g^' storjige for.mriin- 
taining oscjllatioii'?, ju'Jt as w the conventional type of oscillator. 

The detailed operation of the dynatton may he imdersfood 
from the curves of Fig 3-10, one of which ls reproduced in Fig 
11-28. The electrode voltages should be adjusted to caii«c llii- 


Fro U-27 Baste mrcuiV Fic 11.2» Sialic curve 

of a tetrode used aa n dyn.v of a tetrorje cpprorliieeil from Fig 

troa osoillator 3-10 

normal, st.utics plate ctirivnl to lie near the muldlc uf the neg.ttivn 
region, such as at fa, Fig 11-28 A momcntaiy rise in plate cuiient 
will KvidtiiiLly cause a drop in plate voKugc , ami uiicv the lutlcrv 
voltage IS eoaatiiTit,, any drofi in plate voltage must, be uceomp.imcd 
by a rise in the voltage across the tank cncnit, unusing the plate 
current to rise, etill farther huyond its nnttnul vahic fa Thib praccss 
will continue until the ctirient approaches its maxiTnum value at 
a, ivlien iL will ceaso increasing, cuuMiiig the voUnge aoios's the 
tank circuit to doercasc again The tube divip will then rise, ami 
the plate current uill fall to its minimum value c, the polarity of 
the voltjigc ado's thn tank circuit ixiiag 
oppoUte to uhat U was during the huild- 
iiig-tip prucevi. This cycle %\ ill be re- 
pcafcil at a frequency determined by the 
tank inductance and capacitance 
^reu't o\ ‘nie equivalent cinniit of the dyiiatron 

Utor. ' i3>ho\MiMiFig, ll-29whereUicalteTnator 

represents the negative losistancc of the 
plate circuit of the lube. Its voltage will be Cp =■ — tptp, wliere 
Tp must be negative. Tlie ciicuit will oscitlate if the minimum 
negative plute resitlauee, us repiebeiitcd by Ibu slope of the curve 
at point h, is less than the resistance presented by the tank cirruil; 
but the final amplitude of the oscillations must be such that the 
average value of the negative jilatc resistance becomes eijiiol tc 
the tank resistance A high-impedance tank circuit will, theiefom, 
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cause the' tube I« oscillate \v^ over the bcivds of tlie cui-vc; as t'o 
poiuls d and c (FIr. 11-28), where tlve dotted line gives some indi- 
cation of (he resulting increase in averj^ r^. 

Good frequency stability and wave shape may be secured with 
dyiiatvon oscillators by limiting their operation to the region ahe, 
Fig. 11-28, ' since their performance will then be similar to that 
of class A oscillators. A simple method of securing the desired 
range of 'operation is to vary the control-grid bias, as this will 
alter the' slope of the stnlic curve (see Fig. 3-40, page 73) and thus 
viuy Tf . - Maximum stability requires Uiat the grid bins be in- 
creased 'to (he most negative potential at which oscillations are 
Mistained. The excellent frequency stability and good wave shape 
thus dbthiuable, together with the simplicity of tlie circuit, raahc 
this tyjjc of oscillator of uonsidcmble value in the laboratory, 
■'Negative Transconductance Oscillator. A principal clieacl- 
vant,nge of the dynatron osci!lat.or is its dependence upon secondary 
etaiasion, which varies considerably with age in any given tube. 
SunilaV oaoillations are obtainable without the need of secondary 
fi'nuBsion by operating a pentode in such a mnniKir tliat the trans- 
conductanoc between two of its grids l>ccomes negnliive. A tube 
operating in this manner has been termed a freiisiiron osoillntor,' 

The principle of operation of this oscil- 
lator is ilhistVoied in Fig. 11-30. The 
potential Ea ' is sufficient tn mate the grid 
(?l'ihore riegative than the cathode. Grid 
3 therefore repels electrons piissing through 
grid 2 (here used as an anode) and forms 
a virtual cathode (see di6cusaon<rfheam 
lubes, page 83, for definition of a virtual 
cathode). During the negative half cycle 
of tho voltage across tlie tank dreuit tlie 
potential of the anode grid Gs is decreased, 
and less curj'eiit might bo expected to 
flow. However, the tank voHage also 
increases l.he negative voltage applied to grid Ga, causing it to 
repel electrons more effectively and actually ioercasing the current 
flow to grid Qt. This means that the traiisco'nductanco between 
gi'ids 2 and 3 i.s negative, and a plot of tlie current and voltage' 

‘ Clotio Brunetti, The Trauaitron OeciDator, 'Proe. IRE, 27, p, 88, Febru- 
ary, 1939. ■ • ■ 



Fto. U-RO. Circuit, iliua- 
Iratiiig tho priiicipio of 
uirerjil.ioa of t.lic negative 
transnonductance oscilla- 
l,or. 
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on grid 2 under the conditions assumed will give n cur\-c some- 
what similar to that ol Kg. 11-^ except that the emrrent will 
never drop helow the zero linB. Thusthisoscillatorwillperform in 
a manner similar to the dynatron with nil the advantages of 
simplicity and of good frequency stability but without the un- 
certainty introduced by reliance on secondary emission. 

A more practical circuit for the transitron oscillator is shown in 
Fig- 11-31. The condenser C» serves to pass on to grid 3 the 
alternating voltage of the tank cir- 
cuit. If the time constant of the 
circuit consisting of Ct sod T^j is long 
compared to the time of one cycle, 
the potential ocrons condenser Ct will 
remain nearly constant, thus ap- 
proximating the constant battery 
vullage Bt of Fig. 11-30. 

Beat-frequency Oscillator. It is 
scimelimes desirable to have an 
fxudioosciliatorwliieh is continuously 
variable over n wide frequency 
speetTum. This result may be achieved by combining the 
output of ttto r-f osuillalors which differ in frequency hy the 
tlosired amount. As will lie shown in Chap. 14 the output of 
the oscillators must be applied to a detector which will produce u 
signal having a frequency equal to the diHerence between the two 


iH'f- 

Fra. 11-AI Praccical rircuit nf 
B negative tr&nicooductaaee 
OBCillsror 




FlQ. 11.32. WoeV rtisgram showinB the 
oscillator. 


principle of tlie beat-frequency 


oscillator frequencies. As indicated in the block diagram of Fig 
11-32, one of the two oscillators is normally fixed in frequency while 
the other Is varL-ihlc over a small range. Thus if the fixcfl oscilla- 
tor operates at, say, 100,000 cycles/scc, the vari.aLle oscillator 
miglit be operated over a range of 100,000 to 125,000 cj’cIcs/pcc, 
producing a detector output with a range of 0 to 25,000 eyclcs/sec 




Ohap. 11] 


MULTIVIBRATOR 


481 


on a single dial (the dial being mounted on the shaft of the con- 
denser in the variable oscillator). Since the percentage frequency 
change of the variable oscillator is'relatively small, its output can 
readily be maintained constant over the entire frequency range 
and the a-f output will then be constant in amplitude. 

Multivibrators. A multivibrator is a relaxation type of oscilla- 
tor, consisting essentially of a resistance-coupled amplifier in which 
part of the output is fed back to the input circuit. Oscillations 
are produced by the discharge of the coupling condensers through 
their aasocialed grid leaks, the frequency being determined by 
the time constants of these circuits. Evidently such oscillations 
rvill be far from sinusoidal, a feature tliat makes the midtivibrator 
an extremely valuable device for certain typo of service, owing to 
the large number of harroonics present. 

The circuit diagram of a typical multivibn^r is given in Fig. 
11-33, triode tubes being shown for the sake of simpliniiiy although 
pentiodes are more commonly used. Careful examination will show 
the similarity of this circuit to that of a rcsistance-couplcd ampli- 
fier. The output of tube 1 is coupled to the input of tube 2 by 
means of the plate-load resistance and the coupling condenser 



Pro. 11-33. Cironit of a multivibrator. 


Ci . Tlie output of tube 2 appears across It,. , but this is coupled 
back to the input of the first tube through coupling eonderisej' Ci , 
thereby providing the feed-back feature characteristic of the multi- 
vibrator. The resistances ft,, and ft,, provide a conducting path 
from each grid to cathode, exactly as in the resistance-coupled 
amplifier (Chap. 9, page 266). 

Suppose that a slight increase in plate current occurs in tube 1. 
The plate voltage of tube 1 is reduced; therefore, a more negative 
voltage appears on the grid of tube 2. This in turn reduces the 
plate current in tube 2, witli a corresponding increase in its plate 
voltage. A more positive voltage is, therefore, induced on the 
grid of tube 1, causing a still further increase in its plate ouircnl. 
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With proper design Uiis piucess is cumulative, and the plate cur- 
rent in tube 2 dies doivn almost instantly to zero while that, in 
tube 1 builds up to a final value Tins action is shown at time 
fi, Fig. 11-34 Ttoih h to U the plate ewrient of tube 2 remain 
it zero, but its grid gradually iDse.s its cltar^ through the resistance 
if,,. As soon as the grid potential liecomcs mote po.sitivo th.an 



the cutoff voltage, plate current agnm flows, and The cycle repents 
Itself hut ivith the aetiua in the two tiihen intorcharged, the plate 
current m tube I now falling to zero while that in tube 2 rises tu u 
maximum This action repeals lUielf at intervals depeudent upon 
the tune of discharge of the two condensers Ci and Ct • Tiie dis- 
charge time of tliese two condensers need not bo the same, the 
mterval titi differing from that of ijtj if CiR*, is not equal to CsR^.' 

The principal value of multivibrators lies in their irregular wave 
shape which is rich in harmonics Wherever a large number of 
harmonics ape dcsiml, ns in certain lands of ealibrntion work, 
these cisuillators find a wide field of uaefulncaa 

Controlled Multivibrators. The frequency of the multivibrator 
may be controlled from another source of alternating currents, such 
as a vacuum-tube oscillator. This is an invuluablo aid in fre- 
quency measurements where a crystal-coRtrolled oscillator may be 
used to control a multivibrator and so secure many accurately 
known frequencies thrcoigliout the spectrum, each harmonic of the 
multivibrator iieing known to the same degree of accuracy aa the 

’ An cxcclIcDt discussion of sueh diaayimretrical vibrators is given by 
I,. M. Hull and .1. K Clapp, A ConveniRnt Method of Tleferring Secondary 
Frequency Standards to a Standard Time Interval, Pros IRE, 17, p. 252, 
February, 1929. 
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fi cqueBcy of the erj'stttl osclllalor. For example, a 100-kc miilti- 
vibrator under control of a crystal oscillator will ijrocKieo har- 
rnonics at exact lOO-kc intervals tluoughoxit the frequencj' sjiec- 
tnira. Similarly, a l(J-kc multivibrator may bo conl-roiled by the 
.‘iaino oscillator and so accurately produce frequencies throughout 
the fi'equency apeelram spaced 10 kc apart, llarnionic.s as high 
as the 150th hai’c been utilized for calibration purposes.^ 

The circuit diagram of a controlled multivilrrator is given in 
Fig. 11-35. A crystal oscillator is shown driviirg an isolating or 
linffcr tube 3 the function of which is to prcvcnt the abmpt changes 
of plate current in the multivibrator circuit from affecting the 



Fio. n-ii.'S. Circuit of ft mullivibrulor controlled by the output of a crystal 
oscillator. 


frequency of the oscillator. A r-f pentode tube is used for this 
purpose to ensure complete isolation of the coiitrolling oscillator. 
Rpi , i? 7 ,j , i?(r, , lip, , Cl , and Cj in this diagram serve t!io sainc func- 
tions as in the cireuit of Fig. 11-33. The resistances Ro are voltage- 
dropping and filter resistances which prevent undesireci coupling 
between the different tubes. The capacitances <7 d also prevent 
such coupling. 

The output of the buffer amplifier inserts an ndditioiiiil (or 
synchronizing) voltage into the grid circuit of tube 1 of the multi- 
vibrator, shown by the curve of Fig. 11-3G«. If the noi'miil fi-e- 
quency of tlie vibrator is equal to that, of the oscillator, the syn- 
chronising voltage from tube 3 should have no effect, and time 
h of Fig. 11-34 (when the grid of tube I ^res positive) corresponds 
to tlie point of zero fynchronizing voltf^ a, Fig. ll-30a. On 
the other hand if the normal frequency of the multivibrator is a 

■ A very thorough dieciisEnon of the use of luulUvUii ators in frequency 
incasurement.e including detailod circuits is gjveii ijy F. E. Terraan, 
MoiiBuremenis in Radio Sng^cering,” McGraw-Hill Book Company Inc 
tlew York, 103&, 
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little lo\Yer than that of Uio Buntrollmg oscillator, the grid of tube 
1 tends tn hccoint! iMwilivc at a later point in tbo cycle of llin 
synchronizing voltage, say ut point b. However, the synchronizing 
voltage becomes increasingly positive following point a and, there- 



Fio. 11-^R Illustrating the p<;s3ibU>lv of ejnchroni^ing a multivibrator 
(a) at the frefjtienfyof tbeeontrollmg rMfillator, (ft) at aaiihmtiltipla of tha 
oscitUtor froqiiciiuy- 


fore, causes tube 1 to conduct at a point between a and &, thus 
holding the multivibrator in step U the normal multivibrator 
freqtiency is a little higher than that of the contiollmg oscillator, 
the grid of tube 1 ivili tend to go positive at a point such as c, 
but the negative sj'nchronizing voltage will prevent it from doing 
so until a time closer to a and so will again Luld the multivibrator 
ill step. 

If the multivibrator frequency is very much less than that of 
the controlling signal, the syuciiiouiziug volliigc will be unnblo to 
trip the grid of tube 1 until u later cyclo as in Fig ll-SGb, where 
the ratiu of frequeitcieii is 3:1. Here the grid of tube 1 becumes 
positive at the points a, or onw in isvory llirec cycles of the sjti- 
chronuiug voltage, tlic normal multivibrator froqucncy being 
approxiioately one-Uurd that of tlic eontrolling oscillator, Slight 
variations of the multivibrator freqiiorcy from the 3:1 ratio will 
cause the synchronizing voltage to operate to hold the vibrator 
in step 111 the same uianncr us m Fig. ll-30a, as indicated by the 
points (i and c in the (6) l^rc. Proper adjustment of the multi- 
vibrator frequency and of the magnitude of the synchroniziag 
voltage will permit synclironization nt very high frequency ratios 
Hull and Clapp have sucerssfiilly operated controlled multi- 
vibrators wlien the nitio «f eontroUmg to vibrator frequency vas 
as high us 50:1, »c’., a 50-kc oscillator can nccumtcly control a 
1-kc multivibrator.^ 

Parasitic Oscillations.* O.seillatinns that take place at other 

•Hull and Clapp, Ice. at. 

•For a more detailed discuamon, ace G. W Fyler, I’arasitea and lost** 
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than the desired freciuenoy, or outside the tank ciruuit, ai-e termed 
■parasitic oscillations. They may occur not otiiy in oscillators but 
also in class A, B and C pow» amplifiers. Their presence is 
highly undesirable, since tliey may canso loss of efficiency, insta- 
bility, flashovor, shortened tube life, radiation at other than the 
desired frequency, and other undesirable ^ects. Their elimina- 
tion is not an eas}’ pi-oblem; and to predict their occurrence, before 
construction of the traiiMnitter, is especially' difficnlt, Thus the 
location and elimination of |)arasites are often found necessary after 
tlieradio transmitter has been installed, although much can be done 
in the original design to reduce the probability of their occurrence. 

Parasites may bo either of lower or of higher fr^equoncy than the 
aonnal fioqucncy of the amplifier or oscillator in ^^'hicll they appear. 
Any circuit containing adequate energy storage and sufficient 



Fio. n-37. ParasH.ie oscillations arc often set un in Um eqaivaleut tunad- 
Krid-tuned-plato circuit indicnled i>y the dotted lines. 

feedback of the proper phase will oscillate and may do so simul- 
taneously with the main oscillations. Thus the effect of parasites 
is normally superimposed on the main output of the amplifier 
(or oscillator), making detection of sucli oscillations difficulf,. 
Undoubtedly many eases of poor perfonnance have been due to 
unrecognized parasitic oscillations. 

Parasit.ic oscillations may be set up in circuits that am similai' 
to any of the common oscillator circuits, but jjrobably most para- 
sites ai-e of the timcd-grid-tuned-platc type. An example is 
shown in Fig. li-37 which sliows the circuit of a ncutializcd class 
C amplifier. Parasitic oscillations may exist in the circuits indi- 
cated by dotted lines, coostitutii^ a tuiicd-grid-tuned-plale 
oscillator. At the frequency of this parasite the grid and pln.te 
bilHy in Badio Transmiltere, Proe. THIS, 23, p. DS5, Soplmabur, 1935; 
aud .1, S. Jactsoii, AniilywH of Parasitic Osdliations in Uadio 'Ti ansmitters, 
Sadio News, 36, p. 68. Pebmary, 1946. 
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tank capacitances piescnt virtual diort circuits, and the intcrelce- 
trode capacitances together Atith the inductances of the grid and 
plate leads constitute the tank circuits for the parasite, llie neu- 
tralising condcn«cr is endently worthless at the parasitic frequency, 
since no voltage is Iniilt up acroe-i the plate tank circuit 

Elimination of thi’, type of parasite may be accomplished in 
either of two ways; by inserting sufiicicut lesistance in scries with 
the parasitic current or by detuning the parasitic grid and plate 
circuits In applying Uie former method a small resistance of 
perhaps 1 to 25 ohms w inserted in fieties wHli the grid or ]>lute. 
preferably the former This 1ms but little effect on the normal 
operation of the tube, since it is net in senes with the mum osciil- 
IfttiDg circuit, but iiffccts the p.arasitft directly. Detuning is nc- 
complislied cither by increasing the rc?>onant frequency of the grid 
circuit or by decicn-smg that of the plate, since thi:, will cauao the 
plate circuit to present a capacitive reactance and thus inlroduce 
positive resistance into the grid ciraiit {>ec Eq (9-7)] The 
detuning process is carried out by sliortcnmg the grid leads to 
decrease their inductance or by actually inserting a small coil tn 
senes with tlie plate lead at a point close to tlic plate terminal of 
the tube. 

Paiasitei may often be eliminated by the insertion of a small 
choke in the grid lead of tho tube close to (he grid terminal This 
introduces appreciable impedance at Uie Uigli parasitic frequencies 
liut has little elfect on the normal ufniniUoa 

In circuits where chokes are ii*H.-d in scries with the d-c suppb’ 
to both plate and grid {vg , L, und L, in Fig 11-5), pariiBiles 
may occur in whicli the frequency is determined by rrsoiiauce be- 
tween the cliokos and the tank capacitances. These oscillations 
arc also of the tuned-gnd- tuned-plate type, and the remedy is 
evidently to make the ivitiiml frequency of tlie grid cirruit higher 
than that of tlie plate. If the amplifier or oscillator is designed 
without a grid choke, the possibility of sucli oscillations is of couise 
cbtnii'ifittd. 

Another nommon source of parasitic oscillations is tliat of dynu- 
tron action in the grid circuit. The grid current may actually 
decrease with incicasing grid voltage, througliout a certain voltage 
range, owing to secoodaty emission. The a-c grid resistance is 
then negative over that rai^, and parasitic oscillations may be 
set up by dynatron action. 
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Relaxation osuiliations arc sometimes encounteved, similar to 
the action of raultivibrsitora (page 481). llicse have already been 
referred t-o as “intcvniittent oscillations” (page 461 ) and may occur 
at cither low or high frequencies. 

A thorough study of parasitic oscillal.ions is very complex, 
since parasites occur in a great variety of circuits. Tii general one 
should at least suspect the posdbility of paiasitie oscillations when- 
ever the' performance of a class B or C amplifier or an oscillator is 
abnormal.’ 

Ultra-Iiigh-frequency Oscillators. At vciy high frequencies, 
as above about 600 Me, conventional oscillator circuits and Lubes 
are unsatisfactory owing to tlie effect of electrode and circuit 
capacitances and the transit time of tlie electron in traversing the 
tube. For these frequencies n whole new group of luhos, including 
the nmgnetmn and JclyKt.mii, have l>cen dosigiied, using entii'ely 
difieicnt circuits. A detailed disciissinti of tlicsc tubes mid cir- 
cuits and of their perforraiinec is beyond the scojie of this book. 

Problems 

11-1. Dctoriniuc the constnnls of the (.nnk circuit of a Hartley osolllator 
for the foUowing: Et “ 20fl0 volU, f?, •• I2S0 volts, - WO voHa, ptwor 
delivered to the toalc circuit s 370 'vutts. f => 12S0 ke. Carry out the de- 
aigB for (o) Q = 12,5 and (t) Q = 75. 

U-2. Repeat Prob. 11-1 for » Colpilts oscillator. 

11-8. In the circuit of Mg. 11-16, Ci unci Ch are twin varialiin cfitirifinsors 
mounted on n ooniinoii shaft, and atljnstalilc to givt, from <1.001 jif nicx to 
0.0001 jif min including wiring and oUmr stray circuit capacitances. /?i 
an<! fijateto be kept equal but arc atljustablc in steps by means of a rotat- 
ing switch, (a) How many steps are required if the osidllutor is to cover 
the frequency range from 20 to 31)0,000 cycles/sec? (5) What must be tlie 
Values of lii and iii for eacli step? 

11-4, A curlitin c:ry«t.il Lib) the fcilliiwing constaMts; A = 0.20 lienry, C = 
0.0C9 fiMf, li - 2900 ohms, (rt) IVhat is the Q of Uio crystal? (f.> If the 
shunting cnpncilaiicc of the holder together with liio input capatitance of 
tlie tube is 7 p/ii, at what frequency will the crystal and associated circuit 
be resonant? (c) Wli.at is the percentage of change in the resonant fre- 
quency if the shunting capacitsDcc is redneed to S /lyif? 

11-6. Tlie tube to wiiich tlic curves of h'ig. 3-40 apply is used in the, dynn- 
tron circuit of Fig. 11-27, whore = 30 volts, B« = lOD volts, liei = 0, 
A = 20Mh, C -- fl.0002>if. (a) WhatisthcmaximiiTu resistance which maybe 
used in aeries with tlie cor) t in the tank circuit (Qof tiic coil is i50) and still 
permit tlie circuit to oscillate? (6) What is the approximate tube output 
u'ith this resislauce? 

' For n discussion ol geuerrd mutliods of locating paniBites and for tiieir 
removal, see Fyler, lac. cil. 



CHAPTER 12 


POWER-SERIES ANALYSIS OF VACUUM-TUBE 
PERFORMANCE' 

Analysis of vaeuiim-lube performance has been earned out in 
tho preceding chapters of this book either by as‘'Uming that the 
current-voltagD cliaracteristics nrcre sufficiently linear to pemiit 
the iisR of rms values and veetoia at n single frequency nr by using 
step-by-Btap analysis of the instantaneous values of the current 
fiomng. For many purposes a mote general anal.vtical approach 
is desirable, one that is nppllcnble regardless of the uave shape of 
tho currents and potentials. A common muthematical tool for 
handling this type of problem is tho power series, and this proves 
to be a useful method of analyzing the performance of vacuum 
tubes in the gcnoral cose 

Power-series Expansion of the Plate Current. The equation 
of the plate current in a tnode (or in a multigrid tube if all the 
electrodes except the control grid and plate arc maintamed at a 
constant potential) was giveu in Eq. (3-8), page 60, and is repio- 
duced herewith: 

u=Kt,,u) ( 12 - 1 ) 

The plate and grid voltages and the plate current of the tube 
each consist of a zero-agual direct coinponeut ami a component 
flue to the a-c excitation on the grid. Thus we may writB Cj = 
A’m -h Cpc, fc E, + Cf, and ib =‘ It* - tpj - Furthermore, the 
incremenliil plate voltage fpo is equal to the product of the incre- 

> This chapter may be omitted by those who arc not intcrcBteil in the 
more advanced treatments o1 the two {anowieg chapters 

I The subscript pO is used mth the plate voltage and current rather than 
the usual p of Kqs. (9-75), 19-74), and (9 73), since a rectified direct com- 
ponent of current may appear in the plate circuit of the tube iinrler certain 
conditions, innreaaing the average, or direct, plate current from /m to h 
and the voltage from En to E*. Tims which may bo referred to as the 
tncnmenlal plate current, is the difTetence bet« pen ht and ii. in which 1,0 
US 
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mental plate mmenl and the load impedance. For the present this' 
impedance is assumed to be purely resistive, and v,'e may write' 

c,* = iptRi, (12-2) 

From the foregoing relations we may rcw'rite J5q. (12-1) tis 

ij, = 2tn — ipt = /C®M -f- ipaRi., Re + ^e) (12-3) 

Equation (12-3) raa 3 ' be expanded by means of Taylor's theorem 
to give’ 


- -T— j + iynRh^a T 




ia which the derivatives are to be evaluated at the point Ehny E,. 


may eontain a diroot c«mi>onoQt, u-hercas tV, the sltoraating; plate current, 
IN tbu (lilTcrauou between Ik nnd u and contains no direct component, (8oo 
Appendix A where l.hesn eymliots are illustrated in a figure on ])uga 008 
Rg applied to the plate current. The application to the plote voltage is 
gimilar.) 

‘'When the loud ig oilier Ilian resistive, its impedance will, in general, 
vary with frequency and will tliercforo be dilTerent for each Imnnonio of 
the plate eurrent:. Tim analysis must then bo goncrnltzad in the manner 
prcscnlod in a later section of this chapter, p. SOO. 

' In textbooks on calculus Taylor’s theorem its given in the following 
forui when applied to the expansion of a function of two variables: 

/fo,y) - -h -/(Jp.Pn) + [j"'" 

whore ie to be cxpiuiiled by Uic biiioininl tbeoi-em iik if (,he 

expression within the parentheses were two terms of a binomial, and the 
resulting terms applied separately to /(i, y). The resulting derivatives 
^/(®, etc., arc to be evaluated at the point xa, V>- 

In the expansion of Eq. (12-3) a = ei, p == e^, i* = Em, ya »= Ec, h = 
(to = iz,aRi.,k = e^,f(^,y) = naod/Ci»,!fti) = /(£so. A’.) = Tm. Evi- 

dently then — — - andmustbeevaluatedat thepoint Boo, Ee, Other 

Ss: 3c» 

derivatives are treated similarly. 
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This is a power series anti, when W)K«1 c.vplicitJy for »V». will be 
of tlie form' 

1,0 = liic, + UfT* ( 12 - 5 )* 

^^hero fli, a- • • • arc eon»‘lants. 

The cuiistanls at, a- • •• may be Cfaliialctl by substilulinK Eq. 
{12-,'j) info Eq (12-1) anti ot|iiatiii|; the imiltiplyiiig faelors of 
rp, <*/ - • ■ on caeli t»itlc o! llie «t|uftlit»n * The senes etinvcrgpji 
quite nipidly, and for many piirpoH-t all terms of higher order 
than the weond may he nri?Iet*led. I'lider such an asjnimption the 
resulting cqtiation will yicM for the first two constants 


a. 


jf t / OitV i)t» _t>*U ^4 

\dc ,/ dt K* . __^_dc, dctOf, _ 

» , , 

5c*/ 






, 

' Set,/ 
(12.-)* 


Eqitfllitms (12-0) and (12-7) may l»c further simpliried by nv 
plaeing the firbt -order derivatives \rilh their npiivalent \ulucs 
from Etis (3-24(*) and (3-2Je); thus »=• l/r, anti dh/dci = 

With these substitutions and the aid of Eq. (3-13), Ci hrcpme>* 

' That Eq (12-S) ia aettially a solulinn of Kq. (13-1) may l>c pro%ed 
subatitiiting t.lip former into Ihr anti nttcmplirE to iifilve for ttic 

constants a,, o,, • ■ - . If Eq (IS 5) is u i^lutioo, its substitutiou stiould 
\isld setation-^ tor oi, a-, ••• that ln^nlvl^ oiiVy cuiisVaut l\.-rins This 
procedure is carried out in the succeeding demorsiration, (For the mean- 
ing of * after an equation number, sec Preface to the First Eitilion ) 

* For fort her detail see F. 13. 1.lendlyn.Oper.rtioii of Thermionic Vacuum 
Tube Circuits, Sell Sgtiem TrcA. J ,6. !■. 433. July. ]92<3 Tlie signs in the 
equations of the constants developed here are opposite to those of Llenel 
lyn's omng to the minua sign bctticcn I»» and 

^ The cxprc.-wion given here lor o, and that of Hq. (13-1 B) for a,, it must be 
jcmcmbered, are La-Scil on llio assumption of resist. nice load; i c , the load 
preseuts the same irapedsuev to all compoiientE ut Ua' plutc- current, re- 
gardless of their frequenej’. TVhen it contains aomc tcoetive element, oi 
and o, arc. given by Eqs. (12-t6) and (12-171, P 601, and Ilq. (IS-.'i) must be 
used in tic manner described w the section beginning on d 500 
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(12-8)’' 


Ol 


1 “ 

V;. + 


(12-9)* 


where p., ffn, ’V evuluatecl at iJie point (Eio, Ee). For 

pentodes Rl is normally A'cay much smaller than Vp, aiifl wo may 
write 


" = — jTn. (approx) 

We may also wito 

, 1 

d^ih ^ d ( * fp _ _ I 
dei^ 9c» \dck/ 9ct 5e» 

ad 

d’^i ^ B ^ ( !i\ — L ^ ~ JL^ 

3c!>5p„ 6e* \8 c,/ dc»\rp/ Tpdi^ Tp^doi, 


( 12 -] 0 )'‘ 


( 12 - 11 ) 


(12-12) 


From Eqs, (3-13) and (3-24) we may write 



P “ gmtp 


f^Oct 

dti/dp» 


$it dih 
dCe ^ 8 e» 

Then, 

~ =: A /" dp 

6ec‘ 6cj \(?Cc/ 0«f\ 3a/ ^ 3a3a 3a3ec 


(12-13) 


(12-14) 


Fqimtioii (12-14) may be famplified by means of Eq, (12-12), at 
■he same time replacing 34/3a with l/fp and nsine p« in piauc of 
giving 


3'4 _ 3/» s dVp ,13/1 

~ fpd^ 


(12-15) 


ubstituting the foregoing relations, into Eq. (12-7) and letting 
Pp/Sfit = r'p, bp/dci- — ui ond du/de, = li gives 
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02 


P Tv T-p — — Ul) — p'Jjf 4- /?r)* „ „ , 

2(r, + ie.)* 


M'here ft, r„, r^, fit, andfi^ are to be evaluated at tbe point (S’ii, 

In a triode u is reasonably constant, and a fair rleRree of ap- 
proximation is obtained by letting fil = 0 and fi* = 0 to give 


02 («PP™’') (12-17J* 

This approximation is entirely tinsatisfactoty for pentodes and 
Llewellyn has shown tlmt, even in triodes, it may produce appreci- 
able error. 

For pentode and beam tubes we may avrite Jit « fp and Eq 
(12-lC) may be sdmpliftcd by neglecting Bt in each of the three 
parentheses to give, when siinpli/ied. 

o. - 4 - “-=) topp™-') 

For pontodea it is better to nso rather than 4 With the aid 
of Fq (S-13), pagn fl2, wc may rewrite Eq. (1 2-18) as 

t/j (pr4t<.rf.o = i (^e^T'p — g^nl — (upprox) (lZ-18)* 

A better approach to this problem for pentode and beam tubes 
is to obtain oi in terms of derivatii es of f/„ instead of h- To do so, 
let us write 


5* ip a f^U'\ 1 

5c,* dec \5c,/ 5e, 

(12-20) 

3’ is p, ^ ' 

deb de, dep \3e,/ Sn 

(12-21) 


Substituting Eqs. (12-20) and (12-21) into Eq. (12-7) gives 


RLgm^ry, -h 2Rtg^ / {r , -j- g x)gl 

2 (/, + RO* 


(12-22)* 


For pentodes Be, is normally a'eiy much less than Tp so that 
(rp -h El) is very nearly equal to Equation (12-22) may, there- 
fore, bo written 
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o, + fe (,ppro!() (IMS) 

The lirst tw'o terms in TJq. (12-23) are very smaJl compared to the 
third^ so that wo may write 

(approx) (12-2'l)* 


' Tli'R niiij’ lie demonBlrulcd by sUoiring tliat tiia ratio of tlie third term 
to the accond is Inre'* compared to unity uiul that tlio ratio of tlio Bocond 
term to the first ia ercfttcT than iiiie, or, in niutlieiDiilioii! form, t hat 


Third term giv ^ ^ 

Second term 


(1) 


S^n^tew ^ 

First term EvOmTp 

To deiiiocslratu (1) we mny first write from Bq. (I2-20) 



(2) 


( 8 ) 


Subatiluting Bq, (12-12) inln (3) wo may write 

, ^ / £h\ aVs 8h 

Scc \ <)<»/ ^ 8e»9ec dti, 8e« 

Usiog Eqs. (12-21) and (3-2ib) this becomes 


(4) 


g' 8gw ^ 1 8ft 

8CJ T/, dCc 


(5) 


g-c = rrg~eLi + j: 

Substituting lids' relation into (1) gives 
Third term r. 


Second term ZH/. 


2Rtr 


Since ffit -K Tp, tile first term alone is large compared to unity, sc 
inequality expressed in (J) ia proved without detormining the s' 
second term of Bq. (7). 

To demonstrate (2) we may write from Eq. (12-21) 
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^Vhi]e the first atifi fccord ordnr terms are the most important 
in Eq. (12-5), the third-ordei terms are sometimes of interest. 
These can be found by extending the preceding methods to include 
the terms containing Ce*. For pentode and beam tubes the re- 
sulting term may be simplified* to merely 

(approx) (l2-2o)* 

\Vc may iwin smumarjae the foregoing b>' mitlug the hso follow- 
ing equations fur the plule curi'eut J(i u triode and in a pentode ur 
lieam tube. Thcao uro obtained by substituting tlic appropriate 
values of t‘,i» into the relation i» = /»« — tfo 
For triodea (if a may be conaidered constfvnt), 


“ ^ r, + R, 2(rp -|- ^ 

• • (12-20 • 

For pentodes (assunuag Jtt « r^). 


^ + 1 + 

• • (12-27)* 


(8) 

Sabstituliug Eq, (12-13) into (S) civi-a 


, 9 / euN a*»s 3ij Ba 

y** it!,) ^ 9e»* 9*» 8st 

( 9 ) 

Substituting Eqs. (12-11) and (3-346) into (9) giTCS 


. M . . 1 . 

S'"* ” ~f» + 7" *■» 

( 10 ) 

Substituting (10) lato (2) gives 


Second ierni / Sn \ 

(11> 

First term yR/.^.. 

The first term in Eq. (Jl) may be written = iT,/g^! KlS-, = 2rf/JiL 

which, since Ih is l.anai cornpared to unity The eccond term la Kq 

(111 is actually additive to the fitst, not aulitractivc, since r( la tiutnericnlly 
negatbe (plate rcaistanre decrraxi'x aa tnersaws) so that the inequality 
expressed in (2) is proved Thus the Birapll&eution of Ec|. (12-24) is Irgiti- 


' For further infermatioD on terras of Lighcr order than the second, «cc 
Llewellyn, lee. ett. 
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Amplitude Distortion. If a sinusoidal enif is impressed on the 
grid of an amplifier tube, we may write 


Ot = sin bit 

(12-28) 

which, substituted in Eq. (12-5), gives 

ift ~ sin oil -b ojKp,” sill* erf + atE^n sin ul q- • 

(12-29) 

but 

. i . 1 — cos2irf 

8in irf = — — .g 

(12^30) 

. j , 3 inn tirf — ain 3 at 

sin ul ; 

4 

(12-31) 


Substituting li)qs. {12.^)) and (12^1) into (12-29) and rearranging 
tei'iDs gives 

-h orf 

_ 'Fxil U __ aaE tJsmS<>ii _ (12-32) 

Eiluation (12-32) shows that the output of a vaomiin lube 
operating on the nonlinear portion of its charaotoiistic ourvu and 
having a sine wave <rf emf applied mil, in general, contain an 
infinite number of harmonics of the impressed frequency. Fur- 
tliermore, since ai > oi > a» • • • , the higher harmonics will be 
of deoro.osing magnitude. It is seldom uccossaTy to consider any- 
thing higher than the fifth hamionic; in many cases the second is 
sufficiently high. 

Equation (12-32) also diows tiiat the current i^o contains a 
direct component atS^l2-, this was the reason why Ihc ^ibscript 
pO was used instead of p. As sdiould also be noted, the magnitude 
of this direct component is equal to that of the second h.arinouic;^ 
consequently the increase in direct plate current, which follows 
the applicaticn of a-c grid excitation, is a direct indication of the 
magnitude of the gccund-hai'monic distortion present. 

' TiuB is exactly true only if no componenis of higher order than tlie 
third are present. Higher order even harmonica will be accompanied by a 
further ohnugc in the direct current, although such change is normally 
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It may also bo poen frum Eq. (12-32) that distortion will be 
absent only when ffi, aj — = 0, since only then will the harmonic 
terms disappear (i.c., terms cf two, three, etc., tiroes the funda- 
mental fretiiient-y of This will be the case whenever (he 

second-onler dcviviitivart of plate ciitTeiit are zero, i r.., when the 
static chameteriRtic mirvea arc straight.* Thus wo again come 
to the conclusion that distortionless amplification may be secured 
only by limiting the operation of the amplifier to the substantially 
btruight portions of the tube cliaracteiistic curves Furthermore, 
if rij, «j - - - lire sertj, Efj, itiluces tu i^a Oje,, imd Kiibsfitu- 

tion of Eq. (12-9) gives 


—li ft 


(12.33) 


Since no direct component is present in Eq (12-33), ipo t, and 
the foregoing equation may be \rTitten 


-aft - tp(rp + Ra) (12-34) 


which is tlic gcnerul equation for the vuciium tube svitii rusistuncc 
load, under distortionless conditions, previously developed on 
page G3 and given as Eq (3-19). Thus this important equation 
has again been developed, this time by more rigorous methods. 

If the voltage applied to the grid of an amphRer tube consists 
of two or tiioru sknultuncously impreused sine waves (as in the 
nmjiHRcation of speech or rmtsic), many more distortion tenns 
will be present than are indicated by Eq. 12-32). If Eq. (12-28) 
is ^r^^tten as 

fa = siu "f + EtT" sin pf + • • • (12-35) 

(wlierc w/2jr, g/2r. nnd p/2w are different audio frcqucncieb) and 
tliLs value of Cg is inserted in Eq. (12-5), the plate-cumuit (.'um- 
qintc email. .Also, if ibe load inipedane« ptestnted to the tJ-c component 
is difliTcnt from that for the s-c eompoaenU, as in a Irauaforiner-couplcd 
suniilifier, the ratio of the m.agnlt'adi: ot tlic d-e component to that of the 
eCROnd hiirmnnie is larger than indicated in £q (12-32) (See discussion 
beEinniiig on p. 500.) 

' lospcctiun of Cq. (12-7) sboas that for at to be sero all swond-order 
derivatives mu.st be icrci. If higher order constants nm evaluated in the 
same manner as wa-s a,, it will be fcniud that o. will be rero if S’li/Oe^', 
e-u/de." • • • are zero Since all higher order clerivntives must be zero if 
the second -order trrms arn zero for oil voIucb of r, and c,, the constants ai, 
Ot • wilt all be zero if n, = Ofor alt values of eiand 
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ponents will inchide not only doable, triple, etc., the impressed 
frequencies but also fi-equcnaes equal to tlie sum and difference 
of cfich pair, the sum and difference of one imd twice another, 
etc.' Thus amplitude distortion is cbaraclarised by the iiiLro- 
diiction of a large mimber of new frequency compoiieul.s in the 
output of the amplifier. 

Power-series Expansion of the Plate Current. Diodes. Tt is 
possible to develop equations for the diode which arc exactly like 
thase. for the triode and pentode if we asaime the diode to be the 
equivalent of a tiiodc witlr » 1. Treatment of the diode in this 
manner seems desirable in the ioterests of simplicity, as a single 
set of equations will then sertre all types of tubes. 



Fio. 12-1. Development of an equivalent oirouLt for a (tiode to be uompured 


Figure 12-la shows a diode iul)C with a load resistance Rl, a 
Bcmrco of mijressed allcrnatuig voltage e„ and a source of diieut, 
voltage Eta,? The equation of the plate current flowing is given 
hy the equation of the static cliaraclcristic curve u = S{th), or 

it = f{ct) = + fi. “ i^Ri) (12-30) 

the assumed positive directions of the ultcniating cinfs being 
indicated on the figure by plus and minus signs.’ 

In Pig, 12-11) the circuit has been reaiTauged for comparison 
with the simple t.riodc circuit of Kg. 3-22 (page 58) from which it 
differs only in that the excitation voltage is inserted into the plate 

' This phenomenon is treated in more detail under Square-ltiw Modu- 
lation, pp. .^22-531. 

* Diodes are usually »|if>rnted svithnut ad-RBuuree, hul. the d-c supply is 
included here to make the development general. The solution will appl.v 
to the case of no d-c supply by merely making ifi* 0, 

* This use of and — signs is explained in Appendix E. 




498 


POWER-SERIES ANALYSIS 


[Chaf. 12 


circuit, instead of into the grul Rirciiit aa in Fig. 3-22. It is, there- 
fore, possible to replace the circtut of Fig 12-1 h iiith an equivalent 
circuit for the incremental components only, similar to that of the 
triodc ^liciivii m h'ig. 3-24 (page 64). This has been dona in Fig. 
12-lc where r, is the n-c rcsiitani*! of the duidn (bbb discussion on 
page 47) To complete the .analogy with the trinde, the incre- 
mental component of plate current is assumed to flow out of the 
plate teriiiiiial ciu its positive half cycle, as indicated by the arrow.' 
Since the flow of incremental ptntc curreat ia nssumed to he op- 
posite in direction to that of the direct component, it is desirable 
to reverse the jxilarity of the alternating voltage, therefore the 
equivalent aUernalmg voltage is diomi as ~e„ where e, has the 
polarity indicated in hhg 12-la. This is, of course, equivalent 
to the voltage — pc, of the triode circuit (Hg 3-24). 

This comparison of the diode with the triode presents one ap- 
parent ambiguity, vir., the plate voltage of the triode, as shown m 
Fig 3-21, is flic vrdtngo n(.‘n)N.H the hxid, wherenn this is iiot the 
case Mith the diode. This apparently mahes the diode plate 
voltage negative (i c , — t^,). If, however, the load voltage 

of Fig. 12-Ic IS considered as the equivalent of the plate voltage 
of Fig. 3-21, Uic circuit is idciiticul with that uf the Iriodc, and the 
equations previously dcvclopcil for the tnofic sboidd be npplicabla 
to the diode by lotting n * 1 • Asa matter of fact, this ambiguity 
in the plate-voltage notation should cause no trouble, as there is 
little occasion to be interested iu the voltage aezoBS the diode 
e^ce{)t l.u ctmsidcr it ns the drop through the n-c resistance r,, and 
the gienter simplicity of development made possible by com- 
paring the diode with the triode througli the notation of Fig 12-1 
IS highly desirable. 

From the uotution of Fig. 12-1 wr may write 

ik - ht ~ (12-37) 

which corresponds to the equation of i6 for a triode as given on 
jvige 488. Sahstiiviiag Eg. (12^7) into Eq. (12-38) gives 

h = ho - t„, = /(fi» -he. - + tfiRi.) (12-38) 

Since Ebi, — /boffi — Eto (*.e., the dimr.t plate voltage is equal to 

• The Bymbol tfo is used retber than for the rmfion outlined in the foot- 
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(lie supply '\''oltogc minus the d-c drop tlirousH' t’hR load), Eq. 
(I2-3S) may be further simplified to 

fi = - ivn = /(J5m + c. + i^Ri) (12-39) 


Tills equation may bo expanded by Taylor’s theorem to give^ 

, '71 I • u I eE d'ih 

M - /«. + + 2 ^ 

+ e.i„Rjji + + ■ . • (12-40) 

aw 2 dw 

As in the case of (he triode, if Bq. (12-40) is solved explicitly for • 
Spo, (he resulting equation is of Uie form 

• s',, 5 » &je, + 4- •)•••• (12-41) 

Inserting Bq. (12-41) into 3iq. (1240) permits solution of the 
constants bi, h ■ ■■ as described on page 490. Ncgloctiug nil 
terms of higher older than the second gives for bi nuddb 




, 

det 


(12-42) 


2 f 


(i*n 


(' + *‘0 + 


the derivations being evaluated at the point (/to, Em). 


‘ Taylor's tlicoiem wns given in n footnote tm p. 489. as applied to the ex- 
pansion of a function of two vsirtablca. In the expansion of lit). (12-30), 
«■ H- may be considered a md^c vuriablc, nnd Tayioi ’s theorem ns 

applied to the expansion of a single variable is 




*^2! ilsr 
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Equations (12-42) and (12-43) may be further sunplified by 
noting from page 47 that 

= i- 

dek fp 

and 

d’tk _ d _ d(fAjO _ _ 1 drp 

drj* tie* \de«y lies tiek 

This gives 


and 

where 




T, -H «*. 


(12-44) 


(12-45) 


'•-s’ 


Ooxnparhon of Eqs. (12>t4) and (12-45) nath £qs (12-9) and 
(12-16) or (12-17) sbou-s that the equations for qj and at may be 
used for 5, and bj, respectively, by lotting = 1. For the balance 
of this book, therefore, the triode equations will be used for both 
diudos and triodes. 

£Sect of Load Impedances Wliicli Are a Function of Frequency. 
Triodes. Equations (12-fl) niul (12-16) wore developed assuming 
a load resiataneo fJt whinh is independent of frequency whcieaB 
ftotiwlly tho load impedance m.ay vary with frequency, producing a 
different effect on each component of t!» plate current. Equations 
(12-9) nnd (12-lG) must therefore be modified to fit the general 
case. If the expansion of Eq. (12-1) is repeated for the general 
case of a lo.ad impedance Zl, it will be found that Eq. (12-5) is 
still s.atisfactory, hut solution of the first two constants gives' 
Ttie derivatives etc., must be eraluateiJ at tlie point rg. 

In the etpsnsion ot Eq (IS-SP) » = e*. x« = Em, A e, -I- trofir./fa) = 
= It, aad/(Xo) = In. Evidently then d/(.x)ldx = dit/detBiid 

must he evaluated at the point e, » /?■« Other derivatives are treated 
similarly. 

’ The derivation of the constants for ngeocral impedance ia too extensive 
a development for presentationbere, and the reader is referred to T.lcwcllyn, 
loe. cii. It should be noted tiiat the conalants given here are of opposite 
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»■« - -rr ^ — 1 02 - 46 )* 

I Tp + 1 

and 

«2fm±») ~ 

fL^r^r'c — iiiJb\Tp — Zi.(M)Z£(n) 1 — /i, |(r, + Zt{Ki)(.^r + | 

2| (r, + ZM«))(rp + ZM-)){r, + 1 

(12-47)* 

where r^, #ti, and have the same significance as in Eq. (12-lC). 
As previously stated, the second and third terms in the numerator 
may often be neglected for triodcs, are zero for diodes, b\it must be 
included for multigrid tubes (ulthougli a simpler soluticm for multi- 
grid lubes is given in a later section). 

Ti)e subscripts m mid n are the angular frequencies’ of the 
particular impressed signals which enter into the term of wliioh 
fli or (h is a part. Thus Eq. (12-32), for example, was developed 
from Eq. (12-29), so Uiat Uie angular frequency of the signal winch 
produced the component ai£^». sin ul in Eq, (12-32) is u. For 
this equation, then, oi would be evaluated from Eq. (12-4^) by 
writing m ^ u and the impedance Zun) is tlio iinpeduriuu of the 
load circuit at the angular frequency m « w. Similarly those terms 
of Eq. (12-32) which contain Oi rcsxilted from the e.xpansion of the 
scooncl’term of Eq. (12-29) and arc thcroforo derived from sin^ ui 
or (sin wO(sin «<). The frequency of the sine function in tiio 
first of these parenthesKis dcicrmiDcs in and the second determines 
n, so that in this case m = n u. The first tei'in in Eq. (12-82) 
was derived by using the first term in Eq. (12-30), i.e., The 
angular frequency of this tenn ism- n — u ~ u = 0; therefore, 
02 in the first tonn of Eq. (12-32) is really and may be 

evaluated from Eq. (12-47) where becomes and is 

equal to the impedanco of the load circuit at zero frequency, while 
Zt(.,) and Zi(„i become Zi,(«) and are equal to the impedance of 
the load at the angular frequency «. 


sign to those of Llewellyn, because of the use of the negativo sign in u ~ 

Expressions like 1 r, -J- 1 indicate that the magnitude ouly i« 

ivnnted, i.e., |r, + + where Zi,„, = Bt,™, -f 

' For the sake of brevity we shall refer to 2*/ aa an an 


igular frequency. 
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A similar aniilysis eliorve tliat at in tlie third term ot Eq (12-32) 
is as(w+i^) Zi<„±,) in Eq. (12-47) becomes ^LU+ij) aiid must be 
evaluated at the angular frequency (w 4- w) ~ 2w. 

To illustrate further the use nF lilqs (12-10) and (12-17) let us 
assume a power ampli6cr, traosfonner-couplc'cl to » resistance load. 
If piopeily designed, tl«; ttfluslotmer may be. considered ideal 
throughout the useful frequency range of the amplifier, mtrofiucing 
u pure resistance load Ri. into the place circuit, whereas at zero 
frequency the impedance iiilrudiieed into tlic plate circuit is es- 
sentially zero With a sme-wave voltage applied to the input, 
Eq. (12-28), the jiicrcjncntnl plate current will bo given by Eq 
(12-32) with proper modification of di and o* Under tUeso con- 
ditions flj in tho first term of Eq. (12-32), assuming p to bo reason- 
ably constant, becomes 


M*r»rp t^r'p 

" 2rp(rp + Jt^y “ 2(r, -h 7 ?*)* 


( 12 - 48 ) 


slncoZi{„i B !ii, Zt(„t = Rt, andZt.<~.*} = 0. 

The 0t appearing in the third term is oi«j4<v> and is given by 
I2q. (12-17) since the jiniiedanco at the angular frequency (m 4* n) 
= (u + u) = 2u is Ri, not zero m at frcquciiuy (u — u). Thus 
01 in lire first lerrii of Ejc\ (13-32) is appreciably larger than at m 
the third term, bearing out the statement in the fuotuote on 
page 403. 

No mention has been made of the third-order term o, m Kq 
(12-32). Actually it, loo, is affected in a similar manner, but no 
attempt is made here to derive or piescnt its equation ff dn- 
lived., the equatiotv wouhl be a funoUon of three angular 
frequencies, m, n, and p, and a* would lie written Oi(™±>.±p) In 
Eq. (12-32) the Oj temis are foriiual from the expansion of sin* ost 
SO that ah three angular frnquencics nro equal to u Thus 03 in 
the term (3aiEf„'/‘l) nin at 13 really or .) ’"'hile 

in the terui (—OiE,m‘/4') tvn 3a;t it is really or aj(i,4*,+wi. 

Effect of Applying Two Simaltaneous Signals of Different Fre- 
quency. Lfit us now consider the application of these equations 
■when two or mote signals of dtSerent frequency are applied to the 
tube simultaneously. r.«t us assume that c, (or e, as it wus called 
in the diode development) is given by 


Co = Ein sin at + Esm sin qt 


Substituting this equation into Eq. (13-5) give-s 


(12-49J 
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tjQ = ai Ei„, siii ut + ai sin fff + 02 sm* at 

+ 2as jEi„ Ei„ sin uf sin gf + oi sin® qt (12-50) 
Tlie frcqneno}' .siibsnripls have not yet Ijeen added to ai and Cj 
since tliR}’’ cannot be assigned until each tei-m has been redneed 
to include only a single frequency term. This requires that tlie 
equation be expanded tlirough the aid of Eq. (12-30) and the 
equation for the pj-ofliict of two dnes 

.sin at sin gi = }^[cos ia> — q)l — cos(c3 + (?)t] (12-51) 

When this is done, the following equation is obtained in which the 
frequency subscripts, tn = u and n = q, liave been included, 

EiJ 

trfi “ ohx) Elm siu <^t + 0|(,) Esm an ql -h a 2 (u~v} 

El ' 

- a2(«+«) 2w< + Elm Etm cos (w — q)t 

- Os(,H-») Etm Etm COS (« + ff)i + <&(,.«) 

- o«»+«) COS 2qi (12-62) 

Proper assignment of the m nncl n subscripts in tliis equation 
may be facilitated bj’ using Eq. (12-51) for the expansion of tlio 
(sine)® ienne instead of Eep (12-30). This may be done by con- 
sidering sin® cut, for example, as (sin <ot) (sin arf) which, wlien in- 
serted in lilq. (12-51), gives 

sin ui sin at = J^[cos (u — u)t — <»s (cu + u)tj 

= H(l-cos2«l) (12-53) 

Comparing this equation with Eq. (12-30) shows that both give 
thesaine result, but Eq. (12-53) clearly indicates that the d-c term 
is formed by tlie difference between a and < 0 ; therefore, the fre- 
quency svibscript must be (« — u) as shown in Eq. (12-52). A 
sinular analysis may be applied to the other terms containing the 
frequency subscripts (a + a), (q ~ g), and (g -p g). 

Tile tti and uj terms in Eq. (12-52) must be evaluated by means 
of Eqs. (12-46) and (12-47) to determine the actual magnitude of 
the variovis comj)onen1« in fhc incremental plate current, ipo. 
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It should be noted tbat Eq (12-32) includes components due to 
the first terms onlj' of Eq. (12-5), nnd normally there are ad- 
ditional cumponents due to lugher order terms, although these are 
commonly iitucli smaller than those included in Eq. (12-52) and 
may usually be iirgleeled. The total pAate current, ij, is found by 
subtracting t,t, of Kq. (12-52) from the qiiiesiipnl direct current 
7to, as indicated by Eq. (12-3). 

Determination of rj,, /i», and (4 Before evahiating tho Hj co- 
elRcients from Eq, (12-47), it is neceasary to determine r, and, 
unlc.w u may be considered constant, and A simple pro- 
cedure is to measure r, and fi for a number of plate voltages and 
a for a nuraUor o£ grid voltages in the viciuity of tlie direct po- 
tential u-liiuli ure to be applied tu tiie tube Measurement of 
the slope of the resulting curves at the desired direct potentials 
will yield results sufReicntly accurate fnr most purposes. 

Ezimple. Aa an rxanple of tbc use of the power-aenee expaiuiOD fer 
triodc tubes, let ns as^ximc a stnele-ttAge Amplifier vith s load impedaece 
coral^Mtig nf a pure inducUDce of 2 lieniya. hvl the tube coefEeients be 
*1 • S 5i = 3000 otiiiiis, r* • — 300oh(iii)/volt, m 0, aud ~ 0. Let the 
applied end voltage be given by Eq (13-10) in which w •* 2*500 oed ; ~ 
SirSOO The vnrioiis eorfficirnta of Flq (12 52) may be evAlueted with tbe 
aid of Eq* (12-tfi) and (12-47) iu\elucUZ( Ky.^<2), wliere!ir/J* equal to tbe 
subscript iodiuated in Eq (12-53) Thus w« may writs fruai Eq. (13-46) 
35 

- -Vgoao)U(tw - 

since Zt,., — ;i3«-S00(2) • jCQUO We may alee write 
35 

aio) — , ^ — - - - » 335 X 10“* amp/yolt 

■s/t3«»)* + (lO.OOO)* 

since Zf.tn •» y2*RO0(2) = ylP.CCO Aa aeamplc of tlic method of computing 
the ni cocffieicnia from Eq (12-47) consider the followinei 

_ X 3000 X .WO 

“ z-v/Csnod)* +7A2S^* Vtaooo)* + (62SO)' v'cso^)' +" 

= 38 3 X 10"* amp/voH* 

since is thn iTn^wdnoce at lero (requency whieh is zero Ritnllatly 

-(3S)» X 3000 X 30Q 

“ 3\/{3i«)l))’“+ (6S0)» VPOS*)* + (62MJ)’ v'esoboy + (12,500)* 

= 88 X lO"' ainpAtAl’ 
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- (3.6)* X 3000 X 300 

os(^,) - 2^(3000)* + (6280)“* V'(3000>* + (lOflOO)* n/(3000>* + (3760)* 

= 15.8 X 10"* ninp/volt* 

The remaining <is coo/fieienls mny be computnd in n. aimiinr manner. 

Diodes. As stated on SOO the performivnee of a diode 
may be determined by using the equations of the triode but witii 
li considered as being equal to unity. Tliis means that the deriva- 
tives of p with respect to (!& and c« are zero, and Eq. (52-47) raay 
be used by omitting .all but the first term in the numerator. This, 
of course, gives the same equation as Eq. (12-17) witli p = 1 but 
with the denominator expanded to Uihe account of the variation 
of impedance with frequency, as was don© for the tviode in the 
preceding sections. 

Pentode and Beam Tubes. The porforinance of pentode and 
beam lubes, willi load impedances which are a funoliou of fre- 
quency, may be computed witii the aid of Eqs. (12-4(5) and (12-47) 
in ftxactl)' the same manner as for the triode. However is 
nearly always much smaller tlmu rp, and tiro approximate Eqs. 
(12-10), (12-24), and (12-25) may bo used. These are entirely 
independent of the load impedance, and no problem is invoh'ed 
in applying them to a circuit where tlie load impedance varies 
with the frequency, 

Components Produced by Distordco. TCquntion (12-52) con- 
tains eight terms, each of which was pi'oduced by one of the im- 
pressed components — 2ii„ sin «t and sin gl — or by a combina- 

tion of the two. The results of square-law distoj-tion, with two 
impressed components, may therefore be generalized with respeol, 
to the frequencies of the various components in the output by 
saying that terms udll appear having frequencies equal to (1) those 
of the original components, (2) the sum of the frequencies of each 
pair of original components, (3) tlic difference between the fre- 
quencies of each pair of ori^nal component.^: The pairs used l.o 
find the sura and difference terms must include each original com- 
ponent paired with itself as wdl as with the other comjjoneat. 
To illustrate, the original compon^its from which Eq. (12-52) was 
derived were of angrilar frequency <i> and g. Equation (12-52) 
includes the following terms: (1) a, g; (2) u -f <o = 2w, w -t- g, 
9 + g = 2g; (3) u - u = 0, w - 5 , 5 - g == 0. The zero fre- 
quency terms are of course the two direct components. 
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It may be s>lo^^■n tbnl the foregoing anaiysis nppVips to distor- 
tion \',lien any numtjcr of components arc present in the input 
signal. Thus if three components arc imprcascil having angular 
frenuenrios of «j, q, and p, tlus ai^pilar frcqticiicics of tlio resulting 
terms will be (I) «, ?, p; (2) u -f « = 2u , m '1- < 7 , u + p, ? + 7 = 2?, 
9 + P. P + P ^ 2p; (3) o — o = 0. M — 9, « - p, ? — 5 - 0, 
9 — P, P — P “ 0 

The foregoing uonccptB me valuable in predicting, witliout 
going through the evpan.sioti lli-nl pmdiieM Eq. (12-52), the exact 
frequcBcy of each component that may be e.xpected as the result 
of ompliUicle distortion. 'Hjc analysis may even be e-vpanded to 
iiiclutlo higher order terms. For tlws tiiird order, additional 
terms must iucluUo frequencies rusiiUing from all powible com- 
hiniitioiw of any three components m tlm nipi.it hiieli as ti -b « + 
la “ 3eiJ, ti> + tu-l-p = 2w +p, « + tii~p“' 

2w — p,u -hp +9, iw+p — 9,« — p + <j, p + p + 9=2p + J, 
etc 

Applications of the Povier<seTies Analysis. Tl\c pu^ser-senes 
nnalysw may he used to nnnlyze amplitude distortion in amplifier» 
of all types, although whcii rcsistante loads arc used the graphical 
method of Chap 9 is simpler If a reactive load i» used, the 
giaphical method is not practical, aiiieo tlio load line Irecomcs an 
tillijiBC, and the powor-Rcriwi iipproach may he helpful. Tlie powei- 
sories ii,naly!U‘i is capcci.ally helpful in treating square-law modula- 
tion and demodulation (see Chaps 13 and 14) and in solving 
special problems of distortion. In particular, it is an aid m de- 
termining the frequencies of the new comjioneiits added by 
amplitude distortiun of a known wave. 

Picblems 

12-1. Uvalu.ite a, and at in £q (12-5) for a tube with characteristics as 
in Fig 0 15 , “■ 3 5 anil Pt ». nDOO ohms Asaurae the operating point to 

be at L'i. =• 275 volts, E, = —50. 

Hint Measure Tp and from tlie curve by Bmpbital methuds 

11 - 2 . FfJr a Eiven tnoAn tabc oprraVing .it certatn dirert pirttutirli 

* 15, r, = 50, UM oUius, r' = — 20CI0 ohnis/'vuU Ccunputc the funda- 
mental and second harmonie voltages appearing across nn output resistance 
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12-4. Repeat Prob- 12-2 for a load consisting of a rfisiatnr and emidanscr 
ill parallel, the resistor having a resistance of 70,700 ohms and the con- 
denser being of such sise that its reactance ia 70,700 ohms at the frequency 
of the impressed eignal. 

32-5. Repe.at Prob. 12-2 for a loud consisting of H resistor and iioil in 
scries, tlio resistor iiaving a resistance of 35,330 oiims and tliii cnii liaviug a 
react.anco of 35,350 ohms at the frequency of the impressed signal- 
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One of the nv jat valuable applications of the vacuiim tube h 
that of nuxlulatinj; uit ul(urnalin;t ctiriedt. Modulation makes 
possible such developments as riuliotclcphony; caixict-curreiil 
telephony over land wires, both tclcplionc and poucr; remote 
metcriiiK over power wires; and many other similar applications. 



I'm 19-1 A CO'CycTc Alternator nilh provision for producing amplitude 
modulation by varying /It, or /requency modai.ation Ly varying /?> 


Modulation. MwKilaUon is tlefined in tlie 103S Standards Re« 
port of the Institute of Radio Enpineors as “lbc_procc« cf pro* 
ducing ii wove some characteristic of which vnnea os a function of 
the instantaneous valiio of anotlicr w'avc, called the modulating, 
wave ” 


A very simple illustration of modula- 
tion is hliown in Fig. 13-J: If the field t/" 
rheostat of the CO-cycle alternator is 
varied pcnodically ut, ssiy, 10 cycles/scc, 

Its output will Ilf! a fiO-cycle wave vary- 
ing in amplitude at the lower frequency, 
yjo. \%-2 Amplitude- ^0 cydes/wc. An tMcillogram of this 
modulated wave. Binu- output is sketched 'll! Fig. 13-2,’ where <i' 

SOI at moJu ation. TcpK.tcnta ooc eyck «?f the CO-eyel?, or 

earner, tvav e aud fj represents one cycle of the lO-oj’cle, or niodti-^ 
lating, wave. In this type of modulation the ampliturle of the/ 
60-cycle output is varied, while the penod and phase remab/ 
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constant; it is tlierefore koonii as amplitudo modulation. Tiiis is| 
the type most commonly' used in pi'actice at- the iireseiit time. 

Suppose that tiie output voltage of the nlternatoi-, refeiied to 
in the preceding paragiuph, is maintained coiisUmt hy a voltage 
regulator and that, the machine is driven Ijy n d-e shunt motor, 
1 -he field rlieosl.at of which is varied at a mte of 10 uyclcs/sou. The 
I'fisulting wa^'c u ili appear as in Fig. 13-3, where the amplitude of 
tiie resulting wave remains constant ^ » n rtllA A 

l)ut the fi-equency varies at a 1 Q-crclo/ i \ n 1 j\ /' I I II t\ 
rate* between definite uppw. antl-^ U ill \j V uljll \l 
lomr lireils, arouml (il) cycles os on ' ,,.3 

average. This f.ype of modulutioa is luoclulatcil wave. Sin- 
ki,o™ as fiiiuem,. tmiMm,. 

Finally, suppose Uiat Uie alternator is connected in parallel 
iviUi a very large dO-cycle sj’stom, the connection being made 
through large series reactances, na in Fig. 13^. Again lot the field 
current of the drivingmolorbc varied (jcrfixlically. The frequency 



Ido, 134. A 60-cycIe alternator with provision tor phiise modulation by 
varying R,. 

of the alternator must rerpain the same as that of the sys 1 ,fjn t,o 
whieli it ia tied, but its phase will vary periodically witJi rofcrcnce 
to that of tlie associated system. Tliis type of modulation is 
known as 7 '^(asc,. mp^dorio^. 

As a Tualter of fact, the resultant wave produced by phase 
modulation is very similar to that produced by fi-Cfiuoncy inodula- 
'tion,' since any change in either frequency or piiase mitst iieces- 
sarily produce at least a momentary change in (,he other. For 
tin's reason pfiase modulatimr is sometimes trentofi us frequency 

' i^uming, for Uiii sake of the exampie, that tho mass of tlie system is 
suffioiantly low to enable the maebino to respond to such r.ipid vai-intions. 

'Hans Rodcr, AhipHl.ude, Phase, and Frequency Modulation, Proc. 
IRE, 19, p. 2145, December, 1931. 
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modulation, although this is not a strictly corract point of view as 
]s sho^v-n later (page 538). 

In the foregoiug examples of moclulaticm the wave produced by 
the alternator ration the liiecffitats Ri and /fs me at rest in their 
mid-positions is hnown as the car rier tr arr, Iwcniisc in Kulio trans- 
Imission it is of sufficiently luRh frequency to cause racliation of 
energy through space and thns “carries’' tlie lower voice frequencies " 
(yr \NliutevtT iniij' hu used to modulate tins carrier wave) from tiiu 
transmitter to tiio rcceivw. The wavti represented by tlie pcriodin 
variation of either or is known os tlic wodiifating waiv and 
is normally of a very much lower frequency than that of the car- 
rier wpve. 

Uses of Modulation. The must vntstiHiUing applications of 
modulation are m the field of communicntion, whore it is used in 
fthe transmission of voice, music, pictures, and other forms of in- 
formation by means oi radio and wire. ' In the application to wire, 
several individual communicalioiia may Ih; corned ou sunulta- 
uuuusly over the ijamo pair of wires by transmitting nurrentti of 
iiighundio or mpersonie frequencies modulated by tbemfonnatitin- 
carrying frequencies. Such a system is generally known as carnef 
current or simply currier It may also be appli^ to the transmis- 
sion of voice over GO-eyclH |iowcr linvn ru that the same set of vniea 
will transmit power and provide commimicntion between poivcr 
plants itnd suiistatlons. In the application to radio, the inforirn-'^ 
tion-carryinR frequencies arc modulated or superimposed on higher 
radio frequencies which are capable of establishing radiating fields 
to cany the informnUoii over great distances without the aid of 
iutercojinecting wires Thn mortiilating frcqticneie.s are in thein- 
Helves ton Inw to produce a radiating field, SO that only through 
the mcdivim al modulation is rartio communication possible. This 
communication may talce the form of lelegrapliy, teleplmny, fae- 
simrie, or television, all of which utilize the same fuiluameiital 
principles of modulation and dcmoHulatHin. .Simflar principles 
bi cM/ii/i ii/is. vwiM, I'lSQ.v., e.wi d'.vjcfaaa 

finders, although not all these applications require modiilatiou^ 

1. AMKlinJDE MODULATION 

. The Standards EeporV rtf IHQ defines an nmplitude-modulatert 
'wave as “one whose envelope conLaitis a component similar to the 
/wave form of the signal to be transmitted “ If the wave shape 
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of the envelope is exactly like that of the signal, modulation is j 
said to be Uvear a nd no distortion is present. 

Wc may write the equation of an unmodulated carrier a'livc as 
e» = A'om sin at (li^-i) 

wliidh is a wave sueli as shown in Fig. I3"5. I'Iir crest voltage 
Earn and the time of one cycle 2r/u arc indicated. The dotted 
line shows the shape of (,h’e envelope, which is a straight line lying 
above the zci’n line by an amount. Eam- ■ 

The definition of a linearly modulated wave, gi-icn in a pre- 
nediiig paragraph, indicates that the wave of Fig. 5.3-5, when 
modulated, should appear as in Fig. 13 * 0 , where m is merely a 
multiplying faclor which is a function of the 'amplitude of the 



yiG, 13-9. Uamedulnted-irorrici wave ahotviue the eigniliciiiiico of tLu 
' tenuinoloig'y. 

modulating wave/ From inspection of this figure we may write 
the equation of an a-m wave as* 

e = (E(m + ini?o« sin ql) sin at (13-2) 

wliere the portion of the equation inside the parentheses is the 
equation of the cnveiiqiD and merely replaces in Eq. (13-1). 
Taking out of the parentheses gives 

^ ■ e — Ko„(I -f- m sin (jf) sin at (18-3) 

/ The term^ is knorni as the ^iodulalwnJ(^or and is defined in j 
1 t.ho 1938 Standards llcport of IKE, for araplitude modulation, as | 
! “tlie ratio of half the difTeraice between the maximum and mini- ( 
mum ampiitude.s to tlie average amplitude.”" 

' Thoablircviation “a-ni” is commonly uscmI for "anijiHlude-inodiilaird,” 

‘ A faotnoto to this dcDniUon is os follonu: “In linear modulation the 
a^'crage nmplitude of the envelope is equal to the amplitude of the unmodu- 
lated n'uvn, provided there is no aero-frequency coinpoiiidut iu the moduiat- 
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Side Bands. If the multiplication process indicated hy Eq. 
{13-S} i.s enrned out, the result ia 

B = Eok sin ut + sin ul win ql (13-1) 

This eqiifition may be cxpandwl further hy using the trigono- 
metric expression for the product of two sines to give 

. - S^ainai - 25:^ CM (« + «)(+ cos (« - j)l (13-5)* 

f E x!iTnin fl.t.inn of this equntion 8ho%rB the presence of three sepa- 
rate and distinct eompooents of diileront frequencies; (1) the origi- 
I nal carrier frequency at its original amplitude, (2) a component 
I liuving o frequency equal to the sum of the carrier tmd modulating 
LfrequcDcies, and (3) a componeot hav'iog a frequency equal to the 
diOerencebutiveen tlie carrier und 
modulating fre aucnclea * The 
lecood term is kconm as the vpper 
9ide Jrcqtitv£}j: the third is knuuii 
as the lower side Sreg uenaj. _ The 
modulating uat-e rarely c^siats 
of a single frequency os assum- 
ed in the preceding anaij'sia but 
more cummonly consists of a num- 
lierofcomponentshaving different 
frequencies, so that the second and third terms inEq (13-fi) con- 
sist of a band of freqni’ricsies lying between the carrier frequency 
plus or minus the lowest modulating frequency and the car- 
rier frequency plus or minus tho highest modulating frequency. 
These are known as side bauibt. 

The presence nf side frequencies may be detected experirnen tally, 
if the ratio of carrier to modulating frequency is not too large, 
by means of a scries-tuneil circuit and suitaLla current indicator. 
As the test circuit la brought into resonance in turn with each side 
frequency and the carrier, vciy definite increases in current may 
be observed, corcespooding tneoch. of ttic components of Eq. (13-5)- 

ing signnl wave (as In telpphony). For irtodulating sigiial wove* having 
unequal positive and oeeative peuks, pusitlre and negative modulation 
factors may lir. defioed os the ratios of the cnaeimiim departurea (positive 
and negative) ol the envelope froiBita average value, to its average value 
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I Power in a Modulated Wave. The average power in nny cir- 
cuit is given by 

P = PR (13-0) 

wlicre I is the effective value of liie current in the circuit and R 
the equivalent resistance. The insbuitaneous current produced 
in a circuit of i-esiRtiLnce R by the emf of Eq. (13-5) is evidently 

i - Bin »1 - ’Sj- ooa (u + q)t+’^ COB (a, - ill CI3-7)* 


where lom = Eom/R- 

The rras value of this current may bo found by taking thet square 
root of tho sum of the squares of the rms values of its v'srious 
components.’ The P of Eq. (13-6) will, thcrcfore, in the ense of a 
modulated wave, be 

f - /,■ + (13-8) 


and tho power of the modulated wave will, from Eq. (13-6), be 
P - h'U + 2!^ (13-9)- 


If m is zero, i.e., if no modulation is present, Eq. (13-9) will 
give the power in the carrier wave alone 


P “ /o*fl (13-10) 

Therefore, the power in an a-m w'ave is greater than tliat of tho 
unmodulated carrier by the power contained in the side bands, 
or Pont = P„„ier + P.id< hands sud Uic sidc-band power is 


T> _ n^T»R 
1.1 ^ 


m^P , 

2 


(13-11)* 


whore P.Js tho side-band power and Peis the carrier power. Tiie 
power in the side bands isprcqrortioiial to the square of tire modula- 
tion factor and has a ina:pmum pos^le v^uc of one-half the car- 
rier energy.* Since only tiiat portion of the power contained in 
the side bands carries any information, it is evident tiiat a high 
modulation factor is highly desirable. 

' See any text on a-c theory. 

’ w cannot exceed 1 if tlie modulatioo is to be linear. 
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Linear Modulators. A linear modulator is one that prodiirc? 
a modulated wave oonformii^ to Ecp (13-5) or (13-7). It was 
ihoivn in the development o! Eq. (13-3) that modulation ishnear 
ndiGU the crest value of the r-f output voltage is proportional to 
(1 -h sin ?!) Tho first term (rf this esxpression is a constant; 
the second js proportional to the modulating signal Therefore, 
linear modulAtion ss jinsluwsl by a v«c»uviti-tul)c amplifier when 
the amplitude of tlie r-f output vnlt/ific of the amplififir is directly 
proportional to the sum of a direct (or constant) voUage and an. 
allBmatiiig modulating voltage applied to .an electrode of the tube 
Linear Plate Modulation. Triodes. Pnibably the most com- 
mon method of prodncing liuuiir mudulatiou of voBUUiu tubes is 
tliat of plate modulntion As its enme implies, this method inahus 
tiso of the dopemlence of the output of a tube upon its plate itiUsgn. 
If a curve of r-f output voltage vs direct plate voltage ia tahen on a 
class C triodo amplifier, the result la sub- 
btaotiallyatilraiglit lino (Fig. 13-7). There* 
fore, if Ihn plate vnltagu is vanod periodi- 
cnlly about some average valuii, tho output 
voltage and current, will also vmy penod- 
icaU 3 % producing ft ware like that of I’lg 
13'2. *5. simple circuit for producing plate 
modubliun is shown in Fig. 13-8, nhcre a 
HOiircc of carrier voltiign is tipplied to the 
grill circuit of a class O amplifier with a 
source of modulating voltage* E^n sin ql ie 
series with tho d-c supply to the pinto liv- 
idently the average power delivered by the 
plato power supplies — both d-u ami n-c— -m 



Fro ia-7 Output 
vdltace vs direct 
plate vdlaep tor a 
class C amplifier 




where ifk = equivalent d-c plate rwistunce of amplifier tube,, 
which is eSSODliidly ccnisbuit* 

Etm = crest value of modulating voltage 
7 — Sit times modulating Irerjuency 
I J?i, may he uspd w ith Ihe alternatioK motiulatinn voltage r.athcr tlau 
!■«, since the curve of averagB pl&te eurrent (ovemged over au r-f cycle) V3 
applied plate voltage must be straight fnr linear modulation, and the 
a-c resi-slHncc presented to the signal voltage is therefore essentially equal 
10 the d c resi.stance 
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Kvidcnt.Iy the first term in Uie right-hand ride of fiq. (13-12) is 
the power supplied by the battery, wheresis tlic second term is 
tliat supplied by the souree of modulating voltage. 

The output of the tube Pa, g?ven by Eq. (13-9), may be related 
to tile input as follows: 

= Pa (13-13) 

where tj = efficiency of the amplifier. 

Insertion of the values of Pa and !*,• Ifrom Bqs. (13-9) and 
(13-12), respectively] into Eq. (13-13) ^cs 



Fui. 13-8, CirDuit illuBtniiing Uie mci.Kofl of applying pinto moduktion. 


R being the resistance of tJie load circuit. If tlie signal voilAge 
is now removed, Eq, (13-14) rednees to* 

» - /.‘B (13-16) 

If Eq. (13-15) is subtracted from Eq. (13-14), the result is 


Ej m'hhi *' 
“ 2 


(13-16) 


The conclusion to be drarvn from Eqs. (13-15) and (13-16) is 
I'idcntly that Ihe carrier ‘poiaer is suppEed by (he source of dircol 'i 
•late vollago !o/i(2rco8 the side-band power is supplied by U\o Bovrue of l 


' This, of course, assumes that the efficiency roniiunsuiiciianged when the 
lodulatmg voltage is removed. That this is a reasonable (iBSUinplion may 
’ seen from Fig. 13.7, since the oflicioncy is proportional to the ratio of 
itpiit to input power and therefore essentially proporlloiial to (output 
'IVageiVAV. 
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modulating tallage. Hoth sonrc€» also supply tlie losses of llie 
class C Binplifier iii the ratio of side band to carrier poiver m*/2. 
It 's further cAudect that, for 100 per cwit rnodiilation the second 
term on the nght-hand side of Eq. (13-14) is half the first; then^ 
fore, the second term on tlie Icft-liaud aido of the same etiiiation 
must also be half the first or, for 100 per cent modulation (m = l), 

K. ** £■* (13-17) 

From the foregoing analysis it roay be concluded that the sootEe 
of modiilaling voltage must have a power capacity of fiO per cent 
of the unmodulated input power to tho modulated amplifier and 
that the lo«ses in the modulated amplifier ivill be mcreased by 
oO per cent if 100 per cent modulaliun is applied It may also be 
seen that the peak value of plate voltage will be <fctii>fe the direct 
voltage under thebu conditions und tlio peuk poncr will be four 
times the earner potter. Evidently such consiclerationa must be 
taken into account lo designing the class C amplifier that is to bo 
modulated, ot ovorlomlmg will nsult* 

Sources of Modulating Voltage for Plate>raedulated Amplifiers. 
The source of signal or modulating voltage shown lo Fig 13-S 
may be any generator or other device capable of delivering the 
voltage and power requited, usually a. vacuum-tube amplifier. 
'I'ho original source of the signal voltage is eominanly a tiiiciophoiio 
or other low-power device, so that a reasonable amount of ampli- 
fication is generally iccjuircd. The modulator maj’, Iherefoic, be 
prrcKded by any iiuinlx?r of singes of amplification . 

The Hcisiag system of modulation, utiliting a vacuum-tulic 
amplifier as modulator, is stiown in Fig. 13-9. Tho modulator 
tube is liiascd to operale ns a clasg A. power amplifier in order to 
reproduce accurately all the original frequency components with- 
out distortion. Tlie transformer T should have ii tunis ratio such 
.as to rcHcet the proper load resistance for maNimura output at low 
distortion, as in tlic class A power amplifier study of Chap. 9 
(sturtiug on page Thu correct bias should also be detet- 

• An evcclicnt nielhoj of desigainiraciasa C raoclulatoil amplifier isjjven 
by Wftgcncr.siiuiKr tv Uie UesieuotanunnuMlulatcd class C amuhficrpven 
In CJmp 10 (starting on p 105). The reader is referred to Wagener's pniier 
fur further details. 

*The modulated elas.s C amplifier presents a load resistance ocross the 
Bccoiulary uf tho modulation trsnafvrmer of essentially Jit — Rt/Jt- 
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mined in the manner described in ttiat study. The inductance 
Li is a r-f choke designed to prevent the flow of currents of carrier 
frequency through tl)e modulator circuits. ^ 

>/Thc modulator tube in the circuit of Fig. 13-t) must be )f con- 
siderably larger capacity than the class C amplifier that it modu- 
lates. A simple metliod of dcmonslraliiig Uiis fnct is to ^TOrl^• out 
an example. Assume that tiie class C amplifier delivers a carrier 
output of 100 watts and tlial its efficiency is 75 por cent. ^^Hien 
unmodulated, the input to tlic class C amplifier is 133 watts and 
its plate loss 33 watts. With sufficient sijpial applied to the grid 
of the modulator to produce 100 per cent modulatiou the output 
of the c'as.s C amplifier is increased i)y 50 per cent, making a total 
output for both carrier and siflc bands of 150 wat1«. The input 
to tlie class C iimplifier is now 200 watts, and its plate loss is 60 



Flo. IS-D. Iloisiiig-modululor circuit usuik u moduhvUoi) t ruMBfurniRr. 

watls, since tlio cfficicnty » still 75 ixjr cent. Of the 200 waits 
injjut, 133 wattfl is siipplii.vl directly by Uic d-o source of power, 
whereas the remaining 07 watts represents output i'rom the class A 
modulator. If the efficiency of the class A modulator is 25 pec 
cent, its ininil, is 2C7 watts and its plate loss 200 watts. Thus the 
modulator tube must be capable of dissipating 200 watts on i(.s 
plate, but tlie class C bibe need dissipate only 50 watts. As a 
matter of fact, the phi-te-dissipatiDg capacity of tho modulator 
•should bo equal to its input power of 267 watts, since it was sliown 
in Chap, 9 that the input to a class A amplifier i.s constant regard- 
less of its output. Thus if the ri^uil voltage applied to the grid 
of the modulator is removed (as during a lull in the ti'ansmissioii 
of voice or music), the entire 267 watte mimt be dissipated by tlie 
plate of the tube, Foi’ tiic efficiencies assumed, then, the modula- 
tor tube must bo capable of dissipating over five times as much 
power as is required of the class C amplifier. 


S18 MODULATORS U 

TJie foregoing example is suromariied in Table 13-1. 

The mtiflulalion transformer of Fig. 13-9 must Le capable of 
passing the comparntively largo direct current rlnivm by the two 
tubes without overheating and without aituration of the iron core ' 
It must also be insulated for comparatively higli voltages, Kince, 
for 1 00 pnr tent modul&tnm, the ercet value of altemntnig voUage 
appearing acroas it'’ output terminals mitst eoiial the direct plate 
voltage qC the class C amplifier, whereas the crest value of vcltagc 
to ground is lito suiii of tlie direct and aUenialiitg voltages ur 
twice the direct voltage. 

Plate Modulation with Class B Modulators. The large power 
capacity required of the class A modulator of the preceding section 


Taolg 13-1 KxA’ti'iiG OP TLATB-oissiraTfON Kcuuiseubmt or tbs 
MontTbwon AKt> Cuars C Awri.inr.Ti ih tub CineniT oi» Fio 1W> 
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Claes A modulator 
TSfficinnfiy • 2.9prreeat 
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on 

l>Iste 
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Xo signal vnItAgo on grid 
uf modulator . . 
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33 

,00 
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207 

D 

Sicnal voltsgc on grid of 
modulator sufficient to| 
produce 103 per ovut 
modulation,... 

j son 

GO 

J 

ISO i 

2C7 

200 

07 


was due to its low efRciency It, therefore, seems logical to u.sc 
class B (or class AB) jmsh-pull lunpliRcrs us modulators, Fig 
13-10, whenever appreciable power is to be handled. Niit only 
is the efficiency of the classB amplifier higher than that of the class 
A but the zero-signal power input is much less than tho input for 
maximuen signal. Tims if, in the erample uf the preceding sec- 
tion, n class B modulatnr is used with an efficiency of fi.*! per cent 
at maidmuin aional voltafic, the power output for 100 per cent 

‘ The transformer should be so cuniieeted that the tl-c niaiciieLizations set 
up by the plate currents of the tno tubes are rn phase oppoaiUen, Ib'is 
materially reducing saturation prohleins. 
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modulation m\ist still be 67 watts but the input is only 102 watts 
and the plate loss 35 watts. Since the zero-signal input is much 
less than 35 watts, this modulator need be designed to dissipate 
a maximum of only 35 watts instead of tlic 267 watts required of 
the class A modulator. Thus mudi smaller tubes may be used. 

Class AB modulators are more easily adju.sted to give low dis- 
tortion than are class B and are, therefore, commonly used in 
medium-po'i'er installations where their sotaewhat lower efBeieocy 
ia not so much of a disadvantage as in high-power unit's. The 
circuit is, of course, the same as that of Fig. 1.3-iO, but with a 
different bias adjuatment Bian for a class B .amplifier. For that 
matter, the same circuit may be used for a push-pull class A ampli- 
fier if desiied. 



dent that the amount of distention introduced by plate modula- 
tion of class C amplifiers is a function of the linearity of the curve 
show in Fig. 13-7, which is, in turn, afunction of tlie linearity of 
the characteristic cuiwes of tlie tube. The curve of Fig. 13-7 
ahvaj's departs somewhat from a straight-line relationship, espe- 
cially at the lower plate v<dt!^;es, intioxlucing some distortion. 

This lack of linearity may be larj^jly compensated for by causing 
the bias of tlie class C amplifier to amiy slightly rvith the modulat- 
ing voltage. This may be dime fay supplying a portion of the bias 
from a fixed source and Uie remainder from a erid-leak bias, i.e., 
by inserting a grid-leak and by-pass condenser in series witli the 
. grid of l;he claas C amplifier. As the modulating volfiage increases 
toward its positive .crest, the total plate voltage applied to the 
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clus C tube mcrca‘»«, causing a il«H!roi.se in griil cnirrcrt (sec 
Fig. 3-34, page 09) ard, therefore, a decrease in bias. On the 
negative half cycle of the modulating voltage the grid current, 
and therefore the Lias, increases. 

The nerd for ii chnnge in liias may Ihi seen by first con.sidcring 
the performance of the elitss C nniplificr without modulation. 
Let the direct plate voltage and crest r-f plate voltage, under these 
conditions, be Et. and respectively. We may therefore write 
Et = Ef^ -f- 06 am. If the amplifier Itiis been designed for high 
cfHeicney under carrier conditiuns, we may also write cj „„ = 

Consider next the performance at the crest of the modulation 
oyclo TUe effective direct voltage (normal direct plus the cre«t 
value of tlm a-f moduluting volti^) is now 2Ei, tuid the crest 
r-f voltage, for linear uperation, should be 2Ef„- The minimum 
plate I'oltngo is the difTerence between those two and is therefore 
twice the no-modulation c» ».i,. ButCc ...^tfunehanuedfrom the no- 
moditlalion condition <tnd ts now only lial/ us large as ei, ccir,, toherea! 
tl should }>s egudl in ii. A ilccrcn-so in bias will iniimiiKO e, n»i and 
so restore the tube to normal operation. Tt is not necessary to 
dcere.aac the bias to a point where e,o>*i again equals csttin, to secure 
reasonably linear operation, but some decrease is desirable.' 

Plate Modulation of Tetrode and Pentode Tubes. It Is not 
possible to produce satisfactory modulation of tetrode aud pentode 
tuln-a hy merely inserting a modulating voltage in BoritiH with the 
plate Tlic plate current in these tubes is nearly independent of 
the plate voltage, whereas both plate current and voUage iruist 
vim- <lirectly with the modulaliug voltage if the ratio of power 
output to poiver input is to be runstant, a.s in tlin class C plate- 
moduliitcd Inode amplifier. However, plate current varies with 
the MCTccn-grid voltage of a tetrode or pentode in the same manner 
at with the plate voUage of a tnode;* thciefore, if the mniiiilatiiie 
voltage is applied to the screen as ivell as to the plate (Fig- 13-11), 
tetrodes and pcnlodos may be modulated in tiio same manner as 
triodc-s. 

* For furl UerJetfiils, see W.G.Wagencp, Simplified Methods fur Comput- 
ing Pcrforni.inee of Transmitlms Tubes, J'roc IRE, 26, p. 47, January, 
1037. 

• This is true of tetrodes as long sa the plate voltage c'lcceds that of Iho 
screen grid. 
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Another method of modulating tetrodes and pentodes is to apply 
tiie modulating voltage to the screen grid alone, but the distortion 
pyodaced is greater than witli tire method of Fig. 18-11.' In gen- 
eral, best results are obtained by using triodes in modulated class C 
amplifiers. 

Grid Modulation.^ Class 0 amplifiers may also be modulated 
bj’ applying tlie modulating signal to the grid of the tube rather^ 
than to tlie plate (I'^ig. 13-12). Evidently this permits the use of 
a lower power morhilator tube {not sliown) (ban when tlie niodu- 



^Modu lafedouipuf 


Fio. 13-11. Cii'iiuit for plalc-miiftuliitine a iiciilode lobs by applying thw 
modulation volUgo tobol.lilhc plate uiid the screen grid. 


Co rd^ ^ 
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-m- 


I'jG. 18-12. Circiiil. of a grid-modulated closg G nmpliliec. 


lating voltage is aiiplied to riie plate of tire ciinplirrer. since tlio 
power demand in the grid circuit of a class C amplifier is far less 
than that in tile plate. The distortion produced with tliis type 
of moduLitioii tends to be a little liigher than witli the Heising 
melliod, although it may bo hugely eliminated by the introduction 
of feedback. 


' For a study ot the various mcUiods of modalsting screen grid tubes, see 
H. A. Robinson, An Experimental Study of ll«s Tetrode as a Modulal.ed 
Kariio-frequoncy Aiuidifier, Proe. IRE, 20, p. 131, Jiiniiiity, 1932. 

' See also F. K. Terman and E.. R. Buss, Proe. IRE, 29, p. 104, March 
1911. 
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Figure 13-13 illustrates the process of grid modulation. "Vtlien 
no modulating voltage »s applied to tlie grid of the class C ainpli- 
ficr, the grid voltage and plate curceiit are as drawn between 
points a nnrl b, the tub*; ojiHiating lu a regular class C amplifier. 
When modulating voltage is applied, the^^cct is ns though the 
grid bias were varied around its normal value n.s shown by the mod- 
ulating wave betv’een b and «. At the positive crest of modula- 
tion cycle (at d)*the effective bias (d-c bias plus modulation 
\’oltagH) is approximately equal to the cutoff voltage and the 
class C amplifier passes current for about 180 deg, of the carrier 



Tin 13-13 IlIuitratioR the Rutunei m nliicii modulation is attained Is the 
circuit of Fig 13-12 

cycle jiroducing maximum power output. At tho negative crest 
of the moduintion cycle (at/) the effective bias is such that the 
r-f ilriving voltage is just able to siviag the grid to cutoff at Its 
positive crest. “Thus tiie output of Uio class C amplifier vanes 
periodically between a maximum and aero, giving a IDO per cent 
modulated wave the linearUy of which depends ou tho shape of 
l\ie it-e, dynamic churucteriatie eurve. 

It is evident from the foregoing discussion and from Fig. 13-13 
that the r-f plate voltage of the amplifier (which has the appear- 
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ancp. of Fig. 33-Q) is a maximum at the positive crest of llic modu- 
lating voltage niid zero at the n(^ti\’e crest, for 1 00 per cent linear 
modulation. The amplifier should Uicrefoio be designed to operate^ 
at liigli efficicnc3’ at d, the point in tlio modulating cycle at which 
Uie output JS a maximum; i.e., the minimum plate a’ollago ej, ,„i„ 
should be approximately equal to the maximum posit, i\’e grid 
voltage at point d. As tJio modulating voltage passes 

through its half cj'cle from d to/, tlio r-f output \''o}tago decreases 
and ^ mill increases, approaching Et, at point /. Therefore, 
throughout a part of the modulating cj'-cle, the jnsfcaiitaiieoua 
piaUi ^'oltnge is quite high during the time of plate-current flow, 
reiuilting in increased plate loss. The efficiency of tlio amplifier is 
therefore only about liaU drat of a propcrl}' designed unmodvhl/:d 
oIqss G araptifiov, and expecfcrl output must be oorrnspond* 
iagly reduced.* 

Distortion in Grid-modulated Amplifiers. Drhdiig the grid 
positive on the modulation pe.'ik.s as in Fig. 13-13 is neoessnjy if 
maximum output fiein the fAibc is to be realised. Ou tiio other 


Zero volfage fine 



.'Cuf-eff 
• ^ vofroge 

^"’'Grteidias 
' Moekihiion e.ntf 
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Iho. 13-U, Grid exc.ita^.ion iind bias for a class C tnoduIaUtd ;uni>iifiBr in 
'vjiich the grid is not driven imsitivc. 


hand, the grid cijn-ent drawn when the grid swings positia'c may 
cause distortion due to impedance di-op in the driving somee (see 
page 318). ’Where maximum quality of transmission is desired, 
the grid must not lie allowed to swing positive, and the grid voltage 
follows the curve of Fig. 13-14. Hew the positi\'e crests of the 
r-f excitation voltage string the grid potential just to zero on the 
positive half of the modulation cycle and just to cutoff on the 
negative half. The output and efficiency arc less thair when the 
grid is driven po.sHive, but this is the price which must be paid 
for high quality. 

'These conditions arc evidently almost identic.al with those existing iu a 
class n linear aiapUfinr (n. 4SZ). 
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Distortion due to nonlinearity of the tube characteristic may be 
reduced liy inoreasing the load leriatance, although this also de- 
creases the power-output laipacUy of the amj)Iifinr. Increasing 
the load resistance in the plate circtiit of a triode nmplifier improves 
the linearity of tho dynandc characteristic curve of Fig 13-13, 
as was demonatrated in Ch;^ 9 (tmge 327). Distortion of this 
type may also be reduced by niuising the grid bias tn v-ary as a 
function oJ the modulating voUage in the same manner as suggested 
fur the plale-niodulatcd amplifier on page 519. Unfortunately 
this requires the preseneo of grid current and thus tends to intro- 
duce distortion due to impedance drop in the input circuit, unless 
tliis impedance is kept sufficiently low by proper design of the 
circuit (seo the discussion on class B amplifiers, page 351). 

TetroilciS nnd pentodes may also bo minhilatcd by the giiil- 
modulation method. Their performance is similar to that of the 
triode, einco the control gnd in theso multigrid tubes operates in 
u rnannci similar to that of a triixic 

Suppressor*grld Modulation of Pentodes. Pentodes may nlsii 
be modulated by applying a suitable negative bias and the modu- 
lation voltage to tiieir ssvippnasot grids (Fig- lS-10). The opetn- 
tlun of this circuit is vary similar to that of tha grid-modulaled 
amplifier of the preceding section. Any change in the suppm-ssor- 
gnd potential varies the flow of current to the plate in a relation- 
sliip that, if a reasonably high ]ilate-lniiii impedance is used, is 
qintn linear. The negative bins npplled to the suppres-sor grid 
should be svifficient to reduce the r-f output voltage to half the 
amplitude obtained with sero volloge on the suppressor, and the 
crest value of tlie inotiulntuig vulh^c slioiiki be r.ipiul to the bias 
k; as not to drive the grid positive. If the suppressor grid is never 
driven positive, it draws no current and the modulating power 
required is very low.‘ 

A. curve of r-f output volta^*. vs. supprosscir-grul potential is 
nhown in Fig. 13-1 B for a tube des^ned especially for suppressor- 
grid modulation. The prciper bias E,i and the maximum per- 
missible crest value of the modulating vtiltage Eam are indicated. 

The plate efiieieiii'.y of n Ruppressor-grici-irnidiiluted pentode 
amplifier in n.buut the same as that of a control-grid-motlulated 
amplifier, or about half that of a ptopexly designed, unmodulated 
class C amplifier. This is because esmia <»i‘ be made equal to 

' Pee also O. B. Green, Rjppreasor-grid Moduistion, Bell. Lab. Vecerd, 
17. p 41, October, 1938. 
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c, BUis onij' .if. tlje posif-ive crest of the modulal.iori u 3 'c;le, just as 
with control-grid modulation. The over-all cflrcieiicj' is lower with 
svjppressor-grid modulation, however, since the toi.al space current 
remains virtually uncb.ingcd throughout the nioclulalion cycle, 
whereas it A’aries with the modulation voltage during cont.rol-gjid 



Fir,. 13.15. Cirnuit of a class C pentode amplifier witli siipprcssor-grid 
modulation. 


modulation. Furtlicrmore, Bince Uio total space curront is osstai- 
tially constant, the screen current must rise ns the pinto current 
drops during the nsgativo half cycle 
of the modiilafung voltage, thus pro- 
duoing higher screen-grid losses. 

This resf-ricta tho poi-missiblc outr 
put of the suppressor-grid modu- 
lator. 

High>el!iciency Grid-roodulatod 
Class C Amplifier. The efficiency 
of a gl'id-inodulatcd or suppressor- 
modulated class C amplifier may 1>c 
increased in a inanner similar to that 
used in the Dolierty high-elTiciciicy Suppressor prid volts 
amplifier (page 432). The circuits cimnuaciistic curve 



are basically similar, but the grid 
excitation, instead of being a mod- 
ulated wave, is the sura of the car- 


for lilt ciiciiil of Fig. 13-15 in- 
diciUitig (.lie degree of linearity 
which m«yl)cc.\-ijni!tt!i3. 


ricr and modulating voltages, as in Figs. 1.3-12 and 33-13.‘ 


Use of Cathode-ray Tube in Checidng Modulation. One of the 
simplest methods of checking modulation, both for magnitude and 
for quality, is through tlie use of tlie cathodc-rnj' oscilloscope. 
The mo-st direct method would be to apply the modulated wave to 
the vertical deflection plates and a linear sw-cop circuit (see page, 
304) to the other pair, producing a picture simii.ir t.o Fig. 13-G. 


’See F. K. Torman and John R. Woodyard, A Higli-efEcieticy Grid- 
modulated Amplifier, Ptoc. IBB, 26. p. 929, Auguet. 1958. 
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Percentage modulation may be determined witli some degree cf 
ac.euraey,* ljut distortion is not readay observable in this nuiuuer 
If, instead, the linear sweep circuit is replaced by llio n-f modulat- 
ing voltage, a 5giire 'viH appear on tlic screen of the cathode-ray 
tube similar to that of Kg. 13-17a for 100 per cent linear modula- 
tion. If the iDodulutioii is less than 100 per cent, the figure will 
appear as m Fig 13-17h; if over 100 per cent, it will appear as in 
13-i7c, with a tail or Ime extending out to the left of the figure 
along the X axis, since the output current falls to zero during a 
portion of the nyolo. Konluiearity will cause a change in the shape 
of the figuio on the cathodc-rny tube, ns in Fig iS-ITd, which cvi- 

ic) rd) 

Fill 13 17 Oirilloscope noilulsliou patterns (u) 100 |>vr cent modulstion, 
nodisrorlinn, (6) 50 percent moilulfition, (< 1 ) over-mndiilsttoa, (ill nonlineftr 
modulatiun. 

dently indicates a badly curved dynamic characteristic, owing per- 
haps to too low a load resistance. 

i’huse siiirt m the circuit, between (he point ut wltidi the uiodu- 
In.tiijg source ig tappefJ for the honeont.ol deflection and the pouit 
at which the modulation is sampled, will produce an apparent 
depth to the figure oij the screen, the trace made in sweeping from 
left to right not coinciding with Muit iiiuiio ui going from right 
to left. For be«t results such phase shift should be corrected by 
introducing a compensating phase shift of opposite sign in the 
circuit supplying the horizontal plates of the oscilloscope. 

Square-law Modulation. Anj’ nonlinear nirr.uit element may 
produce miirtulation in an electric circuit. Thus modulatiiTn may 
be produced in a r-f amplifier due to the nonlmeanty of its plale- 
curront— gud-x’oUage charauterislic curve. The modulating voH- 
ugc may f’e due to inadequate filtering in the rrrtilici supplying 
the direct current., oi it may be the agnal of an umlcsiced radio 
station which has not yet been fully rejected by the tuned circuits, 

1 See Stnnilarde Report of IRE for more accurate methoUs of delerrmnlDg 
the percentage of Biodulation. 
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as in a radio receiver. Tliis latter phenomenon is more fully dis- 
cussed ill a later Eceticm on cross modulation. 

Some idea of the procras by which modulation of this type takes 
place maj' be gathered from Pig. 13-18, where the i-e characteristic 
curve may represent .any circuit element in which the current docs 
not vary linearly with the voltage. If Uie element is a vacuum 
tube, the cunre may represent the eurrent-voltagc cnri'e of a diode 
or the plate-current-grid-voltaBe cunre of a triode or pentode, 






I (b> 

Jbc. 13-18. Squ.are-laiv-jnof)iilBtinnd(ic to ttieonrvaliirfi of tIisnl<.ar.actRiislic 
curve of a vacuum tulxs. 

zei'o plate voltage being represented by [xiint a for the former 
and zero grid voltage by some such point as b for the latl.cr.' A 
suitable direct ijotential (usually aero for tlic diode, negative for 
the grid of the triode or {pentode) is applied to the tube, and r-f 
carrier and a-f mocluiating volta^s of frequency cd/2x and 5 / 2 x, 
' See tivat footnote on p. 57S. 
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respectively, are superimposed on the direct component. As may 
be seen from the figure, the instantaneous ratio of alternating cur- 
rent to impressed alleriiaiing voltage varies with the portion of the 
characteristic curve that is being utilized at any given instant of 
time, thus jirodiicing an output current ivith a wave shape as 
sliown If this current is passed through a load circuit that pre- 
seoits zero impedance to the modulating and direct components, 
tile voltage across this toad will coutaio only r-f components and 
will aiipear us m Fig. lS-18h. ’Eliis voltage is the same gi'neral 
shape as that of Fig 13-2 or 13-C and is, therefore, an a-m nw-e. 

Tlio van dor Hijl modulator of Fig. 13-10 operates on the prin- 
ciple indicated m Fig 13-18 It is essentially a class A amplifier 
smui! the plate current flows throughout the cycle (see definition 
of class A amplifiers on page COS) but is operated on the lower 
curved portion of the plate-current curve. It has few applications 
fiNcept in the balanced modulator lor carrier suppression (see 
page •'1.33) but many r-f amplifiers act as van der BijI modulators. 



Fio J3-19 Circuit of a sijtpari’-law tnude (van tier Bijl} ingdulator. 

and produce undesirable reactions such ns cross modiilatiou (see 
page 531). 

Tlic signal levels applied to mochilntom of tlic squiire-law type 
must be small, so that the current never goes quite to zero at uuj’ 
perint in the cycle, if true square-law operation is to he realized. 
As long as this is true, the poiformaitce laay be readily analyzed by 
using tbe power-series .analysis of Ghap. 12, using only the first 
two terms of Eq. (12-5) * As will be shown, tbe modulated wai'e 
‘ The power-series analysis is applicable to »U types of operation but, if 
tVic plate current is zero (or an apprraable portion of the cycle, satisfactory 
results are obtaioable only by usina so many terms of the series as to uialte 
this method of analysis vcrylabonoiM. 
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is pioducp.d by the stoond-ordcr term in this equivtion, and it is 
for Uiis reason that this type (rf modulation is known as sjuare- 
lato. 

Analysis of the Perfoimance of a Square-law Modulator. The 
performance of the square-law modulator may be detei'mined by 
writing the equation of the current from Eep (12-5) and tlien 
multiplying each component of this cuntaifc by the load impedance 
presented at the frequency of tlie component. This will give the 
equation of the output voltage which will, perhaps, be applied to 
the grid of the next amplifier tube. Let us assume a r-f amplifier 
such as tliat of Fig. 10-3, page 387, operating on a cur\'ccl portion 
of its oliaracteristic curve. Let the carrier signal have a frequency 
of u/2ir and lot some modulating signal be introduced having a 
frequency of ']/2r, where g is very much less than w. This moans 
that the signal volistge applied to the uoiiUnear nmplifioL' is that 
of Eq. (12-49), and tlicrcfoiv, l-lic plate current is equal to /» — 
where ipn is given by Eq. (12-52). The voltage do\'olopcd noj-oss 
the output impedance of Uic amplifier is then found by multiplying 
each term of the plate cuneiit by the impedance presented at its 
frequency. 

Let the impedance presented by U»e load circuit be f?* at 
resonance (f = u/Zw) and zero at all fvcqucnoiee nppi-coiably dif- 
fci'ort from that of resonance, .a condition closoli’ j-ealizod in prao- 
tioe. Tlien those components of current l^a^’mg angular fre- 
quencies of tf, « -h and u — <j will encounter a load resistance 
of fJt and will produce an output voltage, wliile the remairxing 
components will encounter zero-load impedance and will tliereforo 
produce no voltage, 'llic imgular frequencies u -1- ? and u — g 
are normally so close to the resonant frequency w that the load 
impedance; at these frequencies may be tdeon as Ri.. 

Under the foregoing assumptions the output A'ollage is equal to 


^ sin tirf — auu+^yRt-ISimliim oos (w -f- q)t 

-f- cos (u — , 5 )t (13-18) 

^^len O] and n- ai'e evaluated from Bqs. (12-4:6) and (12-47), 
as6\miing constant as in a diode or in many Lriodes, the result is 


'tp+R^ 


■ - 2(ir+"w 
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The Unit term in this equation is the carrier, anti the other two are 
the aide b/intlt' 

Equation (13-5) shows the ma^itadc of each side band to be 
ju/2 times that of the carrier if the modulation is distortionless; 
ic.. mj2 «= Therefore, wc may %mtc from 

Eq (13-19) 

-t- Rz.? 

2 +~Rl) 


r„+ Rz 


( 13 - 20 )* 


Two condusiorj> may ho dram* fiom T;Jq (lR-20). (I) The per- 
centage of modulation achieved is proportional to the amplitude 
of Uie modulating vultngo Ei,. regardless of tlie intensity of tliu 
carrier A study of Hg 13-18 mil show that this might have been 
expected) eiuce the ainphludo of the alteniuting cuuvut Hewing 
depends on the slope of the t» — e»cur\'e which m turn is a function 
of the instantaneous value of the modulatinj; voltage (the curve 
murkdil E,n Bill ql m Fig. 13-lt<). (2) 'I'ho percentage of ininliila- 

tion IS comparatively low. The derivative of the plate resiatarcr 
iff) IS much bmallur than t, for most liihes, so that even a largo 
modulating voltage produces only a low level of modulation Since 
most square-law modulation occurs under conditions where it is 
iindcsin'd, uh in the hiim-iniMliilittiou cvamplc Kiiggc^^teil in a pre- 
vious paragraph, even a low level of modulation is objectionable 
If pentode tubes aro used and llio load irapi-dancu is sufficiently 
low compared to so that the approximate relations of Eqs. 
(12-10) and (12-24) may be used, Eq (13-18) becomes' 

e = —gmEtEzn sin ut -}- 50s 


_ (13-21)* 

aiul till! modulation factor becomes 

‘ It Diay appear, from u cvinpansoa of One equation ivjth Eq (lS-131, 
that thn pli.aBfi of the siile frcqiienciea with pentode tube« is opposite to ths* 
obtaineil »pth triodea But ri is a negative numlicr uince rp tieereafcs with 
incrrasinK pl.ile voltage whems gic is a |)Osiiive numhor since incrcasra 
nilli increasing grid voltage. Thus hotb equations give the same relative 
phase for cash side frequency. 
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Again., m is small compared to unify, since is normally small 
compared to g,,- 

Components of Square-law Modulation. A square-law modu- 
lator e^ddeiitly functions essentially as an amplifier tibat is operated 
on tlie cuiTcd portion of its characteristic curve and so produces 
amplitude distortion, llius the discussion in the section ijegin- 
iiing on page 505 is applicable to squaie-law modulators. By 
applying tliis upproacli it is possible to jjrediet Bie freqviemy of all 
components to be found in the output of tbe modulator without 
first obtaining Eq. (13-19). In the example of the preceding see- 
tion the plate current must contain the foilo'^’ing components: 
w, g, w -f <j = 2 ( 1 ), « — u = 0, -1- 5 = 2<i', 5 — (? = 0, « ■+ O', 

u — q. The output circuit filters out all these components except 
u,u + q, [inrl u — g. If tlie characteristic curve of the modulator 
tubo is not truly squnre-law in simpe, third-order terms may also 
be present including 2w -h « = 3w, 2w — « »= u, 2g -f- g = Sg, 
2q — q — (j,2(is + q,2u — q, 2q 4- and 2g — w. These aia also 
filtered out by the output circuit. 

Cross Modulation. As stated in a preceding section, any non- 
linear circuit element is capable of producing .square-law modula- 
tion. Thus aquave-kw modulation radio signals maj’’ occur 
under oondiitons and in circuits where It is definitely not desired. 
Such undesired production, whether in a tmeuum tubo or othei 
nonlinear impedance, is commonly knowm as cross modulalion 
More spccificallj'^ cross modulation is defined in the 1938 Stfin- 
dards Report of IRE as “a type of intermodulation due tc 
modiiktiou of the carrier of the desired signal by an undcsired 
signal.” . ' 

A common source of cross modulation is found in the first ampli- 
fier of a radio reeeh’er. Sisals from- several' radio transmitting 
stations are normally impressed cmb tbe receiving antenna simul- 
taneously and therefore on the input circuit to the first tuba 
The selective circuits nsed in tiiis input circuit am incapable oi 
completely eliminating all undesired ^nals (the additional selec- 
tivity of successive amplifier stipes being required to complete the 
separation) ; and unless the first tube is operated on tho straiglil 
portion ol if.s characloristic curve, squaje-law demodulation and 
modulation ivill take place. If the incoming signals are from 




tio _ciin'e: This requirement mncle necessary tno development 
of'tlw temoto cutoff tubes (page 82) before automatic volume 
control^ could be successfully employed, the cliaractenstie curves 
of tht'se tubes being esseiitblly slraiglit, for small signal voltogoe, 
nu matter what hioa is appUe<( 

I Cross modulation may also occur in nonlinear impedancea ex- 
I temal to the receiver, causing a carrier wave that already carries 
i the modulation of two or more dlffercut statiou(> to bu impressed 
un the receiver inptit. The only pos-^iibility of climloatiDg this 
form of cross modulation is to locate tlie antenna ot a point remote 
from any such source. Tossible sources are noucr nind tolcphc ne 
jgirgs, water pipes, or_otficr jja LduCtlag material . The nonlinear 
impedances touiid in thcho rimdiicUng inatiirinla are produced byj 
discoatiivuitica such aa poor splices in electric or vrete.r pipes 

touching each other. Experience seems to indicate tliat in a power 
distribution system even s splice capable of safely passing large 
amounts of GO-cycle power may liuve BvdSuieut uonliaearity to 
cause cross uiudulstiun, 4 

Another eflcet of such cross modulation is to produce new ear- 
ner waves by interaction of two ot mote powerful radio trans- 
mitting, stations. In-Efv of.Ev C.12.-S1 was 

carried out to include firBl- and secoud-order terms only. If ex- 
teisded to include thirii-onlcr terms- the. componontB (2o> — <j) 
and {2q — u) (where o and g represent the carrier frequencies of 
two different tnmsmitters) very commonly lie in the tuning range 

‘ See p 6S7 for o discussion of automatic voluniu control action. 

* See Uiseuseioa oa p. 500. 
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of the radio recei\'er. Tlius if tlic receiver ib tuned to this cross-j 
modulation (or spurio»is) frequency, a signal will he received carrj’-: 
ing the modulation irf both transmitters. The extent of tlii^ 
phenomenon^is, of course, a function of the signal strengtli of tbo 
two stations as well as of the presence of non-linear impedonceh 
in proximity to the receiving antenna.' 

N^^alanced Modulator. It is sonustimes desirable to remove the 
carrier from a modulated wave, leaving only the two side bands. 
This may bo done by means of the balanced modulator of Fig. 
13-20. This modnialor consists of two r-f amplifiers operated 
push-pull for the modulating si^al and in puiullel for the carrier, 
the tTihcs commonly operating class A as van der Bijl, square- 
law modulators. 



Tio. 18-2(1. Circuit o( a bainneed niodtilator. If Uic carrier and nrodulatinfc- 
inpul rircullH to dte labo urc inlcrcbangod, it becomes a pUBk-pull, grid 
modulated amplifier. 

Let tile imltage in the upper half of the secondary of trans- 
former Ti l>e sin then that in tlie lower half ivill be 

—Earn sin ql. T^t the carrier voltage be sin ut. Tlien the 
alternating voltage applied to the grid of tnl>e 1 will be 

Of, = Earn sin ul -h sin gl ■ (13-23) 

and that applied to tube 2, 

c„j == }?9m sin «£ — Ean sin qt (13-24) 

The plate current flowing in each tube may be detennined by in- 

' For more details conocroing tliis problem, see Ausl.ia V. EjiHtinon and 
Lawrence C.F. ITorle, Tljc Generation of Spurious Signals by Non Linearity 
of the Transmission Path, Free. iRB, 26. p. 438, October. 19J0. 
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serting Eqs. (13-23) find (13-24) in liq. (12-5), page 190. 'I’he 
incremental plate current for tube 1 ts then 

shiioi-t- Q.AUsm®/ -1 - - cos2.^l 

4- utEa^Eom COS (ttf — q)l ~ atE.^Etr, cos (w -f- q)t 

+ i|=-“-^’c<»iW+ ■• (13-25) 

The. incremental plntt*. f.nrrcnt l«r tube 2 «nu,y be determined in 
tlic some manner and '\dl be 

ipBj »= <i| EiM biQ <al — Cl En flin g< cog 2ii>{ 

— Cl Enm cos (« — q)l 4- a* B,m Ei„ «»(&> + g)t 

-(- 2L^* - ®i^* cos 2^t 4 ■ • (ia-2fl) 

'I'iie net mngiietisutunt in tlni oiilpiit traimfurmer \yill be set up 
by tlie difference in the NI produced by the two plnfc ourrente, 
Et’idently, m taking tiie dilTerenco, all components of the two 
currents will cancel out* cveept u -\- q, u — q, and g The g 
term will not be repented through the output tmnsfnrmcr, how- 
ever, since the tank circuit is tuned to w, \sherc « » g. The 
output will, tiiorcforc, contain only the two side bunds. 

If tlie cairier and modulating sources are interchanged in tlie 
circuit of Fig 13-20, the resulting plate current in tlie two tubes 
nill bo given by Eqs (13-2,5) and (13-20) by inteinhanging g and u 
The additive terms will then be a, to 4- g, and to — g,* giving the 
usual modiilatc<l wave. Such a modulator is merely a push-pull, 
eqiiare-law, naodniated amplifier «r, if the tviljcs are biased for 
tlass C operation, a push-pull, linear, gnd-modulntcd amplifier. 

Single Side*band Transmission. Eluniuation of the carrier, ns 
III a balancctl inodulator, is desirable, as 67 per cent of tho power 
tran^-mittecl, witii IQO per cent modulation, is contained in the 
carrier. Since the carrier contains no information, it is much more 

' Assuming oi and «, to be the same for both tiiljp.'i, » e , Llie tubes must 
hsvo ideatie.it (■haracteristifs 

• This term should Ixs s — w, but coa fj — «) — cos (m — 9) so that it 
seems more lo,'ical to write the higlier frequency term first 
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) economical lo supply it locally at tlic receiver than to supply it 
from the transmitter. Unfortunately Uie carrier must be rein- 
] sDiiecl at the. receiver with an aocunwgr that is practically impos- 
sible to realize. Aa Avill be sliown in Cliap. 14, each side band, 
when combined with the carrier, produces a oompouent of current 
of the modulating freq»ien(gr q, os dcsiixid. If the carrier is reiii- 
serted with exactly tlic same phase relative to the side bands as it 
liad in the original Imiismission, these two components will be 
additive; if the phase of the carrier is shifted 9D deg, they will 
cancel. Any o1her phase shift, will produce onlj'^ partial siddition 
of tlic tivo components. Thus a difference in frequency between 
the original carrier and the reiiisorted carrier of only a fraction of a 
cycle per second will piixlucc n continuously varying pluisc dif- 
ference between the earner and side frequencies, and tiie output 
irill vary jxu'iodically between maximum and zero. Even if the 
reinserted currier is of exactly tlic same frequency as the original 
there is no assnranee that it.s phase will Iw such as to produce 
maximum output.' 

If one of the side bands, as well as the oanior, is removed, the 
problem of reinserting the carrier in the correct phase is eliminated, 
since only one of the two modulating-frequency components is 
tlien present in the detector output; furthermore only half the band 
width is then needed to trmismit a given intelligence, Kemovai 
of one side band may be achieved by the use of filters that pass 
only the frequencies in one of the tivo side bands. Since tlie degree 
of sopuration realizable with practical filters is a function of tlie 
ratio of the. desired to tlie imdesitcd frequencies, it is far easier to 
perform this separation at a low than at a higii frequenoy. Sup- 
pose, for exjunple, that a carrier of 10 kc is modulated by a band of 
frequencies lying between 100 wid 3000 cycles. If a balanced 
niocKilator is used, the output contains components in the fiv- 
qucncy bands 7000 to 9900 and 10,100 to 13,000, the carrier being 
removed. It is quite femsiblo to s^arate these two bands by con- 
I'finl.ional band-pass fillers and so remoi'e one, say tlic lower. The 
renaming upper sirle band may now bo used to modulate a carrier 
of, say, 90 Itc and the two new side bunds arc 77,000 to 79,900 and 

' In tiiio solution of tliis problem asmall part of Uie carrier i.s trnn.sinitted 
and, at tlie receiver, either is used to eynebronize ii loonl oscill.itor or, by 
mentis of erystal filters, is separated from the side bands and then amplificri 
viu leinscrled. Such niutbods will hold the Carrier in the correct phase. 
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100,100 to 103,000. Agaiu tlicec Uro groups may be separated, 
and one of tlicm uE!ed to modulate a higher carrier frequency. This 
procedure may be carried as far ag ilcsircd to mcxlulatc a earner 
wave of any frequency and so transmit a single side band and no 
earner.* 

2. FR£0U£NCY AND PHASE MODCLATIOE 

When cither frequency or pli.asc modulation ia used, the ampli- 
tude of the transmitted wave romain-s constant, but either its fre- 
quency or jls phase is varied at a rate proportional to the audio 
modulaluig frequency and by an amount proportional to the 
ampliLude of tlm audio signal. 'I'ha two inBilmds arc. really very 
similar, since no change m frequency can occur viithout at least a 
momentary shift in phase, nor can a change In phase occur w ithout 
a momentary change in frequency. Consequently, the resulting 
waves and equations for llieiic two types uro almost identical. 

Let us assume tliut a carrier wave of lt>0 hlo is let bo frequenoy- 
modiilated by an audio signal of 800 cyclos/scc. With a certain 
intensity of modulating signal the transmitted frequency might 
varj* 10,000 cycles/sec either side of the unmodulated earner fre- 
quency, or from 119 99 to lUOOI Me, lliu variutiun being at an 800 
cycles/seu rale If tlic iritcn^ty of the miHlulating signal is in- 
creased, the frequency would deviate by more than 10,000 cycles/ 
Bcc from the original earner frequency, and if the frequency of the 
modulating signal is increased, th® rats of variation of the radio 
signal will increas® accordingly. Thus, in a f-m wave,* the a?/iph- 
tude of tliK modulating signal is in<iicated by the umourd of fre- 
quency deviation and the frequency of the modul.vting signal is 
indicated by the rale of frequency deriati<w of the radio wave that 
13 being modulated. 

All the statements of the preceding paragraph may be applied 
equally well to a jihasB-modiilated wave by simply siilistituting the 
word “phase” for "frequmey” in the appropriate places. 

Analysis of Frequency and Phase Modulation. The equations 

’ Sec. Kccmatis, E>r^e-»de-fauid Telephony Applied to the Rail'i 

Link between the Nelberlauds and the Hetberlaniis fast Indies, Froe. IRS, 
26. p. 182. February, 1038; and C T, P van der tVyclj, ^lodern Smsle-S'de- 
band 'Squipment of the Netherlands Postals Telepliooe and Telteraph, 
Proc. IRB, 3C, pp. »70-^Sy, AuKust. 11»8. 

• "f-ui" IB o ooniraunly used ahhTeviation for “frequeiioy-nioJulated 
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for frequency- and pbasc-modulated wavoB may be cletevniinod 
as follows An alieriialiiig voltage may be lepiesented by 

e = sin (13-27) 

where v is the instantaneous angular displacement of the \'oitage 
vector from t.ho zero axis. Since u is the angular velocity of the 
voltage vector, we maj' also write 



from which it is possible to solve for by integration 

V = 4 . + Jaidi (I3-2f)) 

where <f) is tiie integration constant and represents the initial 
phase displacement. 

In both amplitude and phase modulation « may be considered 
ounstant tvnd equal to wo; thcreforo, (be integration indicated 
in Eq, (13-29) reduces to simply a>cl- Equation (13-27) may then 
bo written in the more familiar form 

c - sin (w«f -I- ♦) (13-30) 

Wben amplitude modulation is applied, It is nocc8sa.ry only to 
let m,, vary with the modulating signal wliich, if ^ is assumed to 
be zero, resuKa in I2q. (13-3). For phase moflulation, howevor, 
the amplitude remains constant, but the phase angle may be 
written as 

^ = 0 a -j- jrtp sin gt (13-31) 

where is the maximum phase deviation from the initial phase 
00 and is a function of the amplitude of tiro inocluiating signal. 
When this is substituted in Eq. (13-30) and the initial pliase 
auglo 00 is assumed to Ije aero, the result is 

r = sin (W -|- sin qi) (13-32)* 

which is the equation for a pluisc-modulatcd wave, comparable 
to Eq. (13-3) for a-m waves. 

' Hans Roder, Ain)>titude, Phase and Frequency Modulation, Proc. 
IRE, 19, p. 214.S, Dcnoraher, 1031; also see Baith van dcr Pnl, Frequency 
Modulation, Pro:. IRE, 19, p. 1194, July, 1930. 



UODULATOIiS 


[Ciup 13 


The equation for f-m waves may be foiititl by writiriR' 

/ =/• 4-tfdeo3 9t (13-33) 

or 

« = Mo + 2rfc/» C03 qt (13-34) 

where t/a i« the maximum frequency dev-iation, A- being a function 
of the umijlitudo of the modulating signal, and /r. is the carrier 
frequency This equation must be inserted into Eq. (13-29) nnd 
the indicated integration enmed out. If the vnliio of viso obtaineil 
IS inserted into Eq. (13-27) and tlic initial phase angle ^ is taken 
seru, the result is 

c = sin {w«< + m/ sin qi) (13-35)* 

where m,/ = kjjf, 

/, = q/2w 

U IS evident from Eqs (13-32) and (13-35) that froqueuc)' and 
pha.se modulation are similnr, both prcHlucmg an instanturiroii.s 
phase shift that is ptoportional to the instantaneous ainplituile of 
tho modulating signal.' Howeier, tlie instnutancous phase shift 
resulting from frequency mudiilation is also inversely proportional 
\n thci frequency of the modnlnting signal. Herein lies tho e.ssential 
difference between phase and frequency modulation* 

It should be evident from the foiegoicg that it is possible to 
produce phase modiilaliun by fretpii^ncy-iniHiiilutiiig die wave 
uccording to Eq (13-33) provided only that, thft frequency devia- 
tion IJa vanes directly wth the frequency of the modulating 
signal as w ell as w ith its amplitude- Conversely, it is possible to 
produce a f-tn nave by varying the; plui»! acconhug to Eq (13-31) 
provideil ouly that in, vnnort inversely with tlie frcqueuiiy of the 
modulating signal as well as directly with its cmplitutle Either 
of these conditions may be realized in practice by theu^e of suif.ohlo 
filters inserted in series with Uie modulating signal. 

Equations (13-32) and (]3-3.‘i) maj' be rvpn.ndetl only with the 

' cos ql IS used here, rather than ain 9I as lo Hq (tS-31), to give a fiiii J 
equation of the same form as Kq (13-32) 

» Compirisoa o£ Eqs (13-32) and (13-33) with Eq (13-30) shows thd 
jTij. 3!D }t in the final equation and »»/sin 3I in the second are comparahle m 
efiect to # and may thorefenv be eoinuderctl as proJuBiujj a phase shift that 
varies at a frequency g/2)r. 

• See also Herbert J. Scott, Frequency vs Phase Modulation, Coi'i- 
miHK-aticTiB, 20, p. 10, August, 1910 
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iiifl of Bossel’s functions. As many cii^necrs are unfamiliar with 
these functions, the results on] 3 ' of snrJi an espansion arc given in 
the foliowing equation 

B “ ET,{Jt{x) sin tad + Ji(*)tsm (w# q)t — sin (a>o — q)l] 

+ /s(®)[sm (oj* -J- + sin (aj,, - 2q)i] 

+ .7s(a:)[sin (u# + Zq)l — sir (wo — 3i?)i] 

+ •••1 (13-30* 

in which Jnfa;), Jx {x) - are Bessel’s functions of *. The factor 
I is equal to i«,, for phase modulation and to nif for frcqucuc.v 
modulation, ?«,> and «»/ Iwing known as tho moduhatioii indexes. 

The fiv.st terra of Bq. (13-30) is the carrier, and the remaining 
tei-ms are side froquoncics, of which there arc an infinite inintboi'. 
The amplitude of all coinponenU varies «’i(,U the niodulation index, 
being equal to tho prodvtct of tlw amplitude of tho unniotlulai.ocl 
carrier and tire nppropmte Bessel's timction ioi doCormined from 
Fig. 13-21..’ E\’idtsnl.l 3 ’, if iJio modulation indox is loss than about. 
0.5, only the first side Ixuid is of much imporUmco, whuveus ud- 
r.lifi.onal side bands become of imporUtneo ns the indox is increased. 
Eh’idently, too, since W; varies iuveraoly a.s tho audio froquoucy, 
frequenoy inoduliitlon wdll i)itiduce u larj^ mmiijor of sidebands 


’ The followinif relations hold true; 

sin (a sin r) - sii. r -h 2J,(a) sin 3r 


cos [z sin r) - /.Ct) + cos 2r + 27.(*) cos 4r 


where Jo(i) is given by 
■h(x) = 


and /..(j) is Kiven by 

4, t 

2(2n -t- 2) ^ 2-4(2» + 3(2b -h 4) 

“ 2-4-6(2n + 2)C2.t + ■!) [2n -1- 0) 
'viierereis nn integer. When these expaDSions are inserted in Eq. (13-32) or 
(13-3.'i)| the result muy l>i! siiU|ili(iGd to givo Eq. (i.3-30). Computed v.alucs 
of o(i) and .m-e given ip Fig. 33-21. 

• See Roder, loc. ctf.; also Earl D. Scott and JoUu 11. Woodyani, Si<lc 
Bands in Froquency Modulation, Unh. IKosft. Eng. Exp. S(a. Bull. GS, 
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when the modulation frequency t3 Icnr but comparatively few 
when it js high 'I'his is not Ime of pliaso luodulaf.ioii, since »n, 
is independent of /». 

Band Width. An important factor in the design of a radio 
transmitter or receiver is thn rnngc of frequencies tliat must be 
triuisiiiittcd to reproduce the modulated wave. For proper 
reproduction all the Eitln hands us w'ell as the currier must be ampli- 
fied equally, and for amplitude modulation the circuit must there- 
fore provide reasonably uniforiu response over a range of 



frequencies from/o — to/, + /, or the band width is equal to 
(fa + /,) — (/o — /,) = 2ff, where /, is the liiglicst frequency 
component in the modniatinB signal ar*d /, is the tamer frequency. 
In frequency modulation, on the other hand, the band of fre- 
quencies to lie trunsmitted extends from, (fn — n/,) to (fa + 
where n is equal to the number of side bands of sufficient magrutiide 
to be of importance, and tlie band width is therefore 2nf,. 
Roughly s[xiiiliing, the finest order side band which is of import- 
ance is about (m/ + 1), all higher order terms being less than 15 per 
cent of the unmodulated carricT, as may be eboelicd from rig- 
13-21 for small values of jh/. ff we designate band width ns bic, 
oe may now write the two following erpinliona: 




Ci3Ar. 13] 


BAND WIDTH 


541 


bw = 2h/, (13-37) 

n = 7»iy + 1 (13-38) 

Substituting Kq. (13-38) into (13-37) gives 

bio ^ 2(visf, + f,) (13-39) 

Fioni the expression for m-/ immediately lollowing Eq. (13-35) 
\V 0 may write 

niff, = L-fn (13-40) 

Substituting Eq. (13-40) into (13-39) gives for the btuic! widtli 

bw = 2(/^fo + /,) (13-41)* 

Tills equation indicates that, if J^fn is much larger than as is 
usually the case, the band width in a f-m wave is essentially 
proportional to Die amplitude of tlic modulating signal (since h 
is proportional to tills amplitu<le) and is vetj^ much larger than 
that of an a-m wave. 

The significance oi'Eq. (13-41) may be more clearly seen ivitli the 
aid of Fig. 13-22,’ -whore the .‘iidc freqiioacios and ciinicr, calcu- 
lated from Eq. (13-36) for various values of I’ud nj'e indi- 
cated by heavy vortical lines. The vertical scale indiontes the 
magnitude, and the horizcaital scale, the frequency relative to the 
unmodulated carrier. Only small values of have been chosen 
since the number of side froquencies present at the usual largo 
values of kfc makes picturization impossible. A checl: of Eq. 
(13-41) against Fig. 1^22 will show that all side frequencies moro 
than (/.-/j -f f,) cither side of the carrier have an amplitude of less 
than 15 per cent of the carrier, thus corroborating the conclusions 
drawn from tiie equation. Note particulaidy that wlicnevcr m/ 
is less than about 0-5 the carrier amplitude is virtually equal to 
its unmodulated value, a fact which is of importance in the analysis 
nf the Armstrong sysl,em of modulation presented in a later section. 

While the I'-ery wide band width required for largo values of 
kfo presents problems in designing radio equipment, i(, resull.s iri a 
number of improvements in tonnsmission as demonsti-af.ed in the 
ne.xt SRolion. The problems of equipment design are usually 
solved by increasing the carrier frequency until the ratio of band 

‘ Aiiapted from Scolt and Woodynrd, op. eit. 
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width to carrier frciiiUBiioy is sulIiRicutly liiw si> ftmt resorant 
circuits may ba designed to pass all flic side bands and yet le 
satisfactorily selective- Camer frequencies for use isatlifrequeiKiy 
mudulation range from about 30 Me ou up 

For phiiRc uiniliiliitioii llio pniblein is somewLat iHffcrcnt since 
the niodulatjnn mricx w, is indepasdent of the frequeocy of the 
modulating signal, neplacing wiy with wi, in Eq. (13-39) gives, for 
phase modulation, 

= 20n,ft -h /,) (13-42)* 

This indicates that tb«i band widtii, if w, in considorably greater 
than unity (the usual ca<ie), is csseattally proportional to the 
frequency of the modulating signal as well as to its amplitude 
(7»,, being proportlou&l to thu amplitude^ so that the maximum 
hand width to Iki dtaugiind fui* is lliiit niriiiircd tii tnuisuiit tiic 
highest nudio frequency at tlie rnaximutn arophtiide, at other 
modulating frequencies only a portion (A the available band width 
will be used. This doos not permit full lealkation of the benefits 
of noise teduction as given in the iic.\t scclion, and phase modula- 
tion is used less tliun frequency modnlatinn. 

Analysis by Vector Diagrams. A pnncipal adventago of fre- 
quency and, to a lesser extent, of phase modulation over amplitiida 
modulation la that the signal-to-noise ratio » much higher with 
tlie former than intli tlie latter. To understand the process of 
noise reduction it ih dc8iral)ti! In Ktiuly nil tfiren types i>f luodulation 
from Uic standpoint of vector diaRrsims, aUhoujth, since phase and 
freiiupncy modulation differ only in the dtgree of mothilation, 
owing to the factor/,, only amplitude and frequency modulalioa 
will be considered in tlie ensuing discuaeiOQ. 

An unmodulated curriCT wax'c may he reprcsoiitud by a vector 
whose leuglli is pqiinl t.o the crest xmluc of the wave, which is 
rotating at an angular velocity a If the reader can imagine 
himself rotating at the same angular velocity, this vector would 
appear to stand still as in Fig 13-23o.‘ IE Uie w»\'e is now ampli- 
tude-modulated, the leugth of the vector will vary but its position 
will remam unchanged. With 100 per emt modulation the 
vector will pulente between a roaximum of twice the original 

• Ttvr those whose iiriogination will not permit this ti5rk f. Bimitar resall 
may be achieved by cun-sidCTing Ibe earner vector to be a physical entity, 
iHumiaated by Btroboseopio li^t the some Irequcney as the wave. 
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carrier, as show by the dotted line in Fig. 13-235, and a mininiuin 
of zero. WiUi fiequency modulation, on the other band, 1,he 
magnitude wil! lemam constant wliile the {requency and, therefore, 
the phase varj’ periodically as in Fig. 13-23c. In actual practice 
this shift in phase may be as much as many times 2ir radians; in 
other A^'ords the vector may rotnte many limes in a clockwise direc- 
tion and tlien return and rotate an equal number of times in a 
counterclockwise direction. 




fo) (b) (c) 

Fia. ]3'23. i'ontors illiist.rntiny (<r) an unmndiil.itcd carrier (5) an 

a-m wave, (c) a f-m wave. 

Tlic sumo conoluinons may be reached by bringing in the con- 
cept of Bide frequencies. An a-m wave may then be reju-etionted 
by the sum of throe vcctoj-s, e-acb rotating at different angular 
velocities, vis., at «, at « -b q, and at « — g. Those are lopre- 
eented in Pig. 13-24a where the 
side-frequency vect^ors are half 
ns long 03 the carrier vector, as in 
too per cent modulation. If the 
reader again imagines himself 
rotating at the same velocity as 
the carrier vector, this vector 
will seem to stand still, while one 
side-frequency vector will rotate 
oloclcwise at an angular velocity 
sand the other will rotate hi a 
counterclockwise direction at the 
same velocity. 

For most purposes it is better to 
place the aidc-frequeni^ vectors 
at the end of the carrier vector as in Fig. 13-245, whereupon the 
resulting vector is more readily found by taking the sum of tiie 
three. It should be quite evident that as the two sido-frcqiiency 






51G 


WODULATORR 


IGra-p is 


vectors rotate in opposite directions at nn angular velocity q, their 
sum IS another vector which J3 alnaj^ in phase with the earner 
but wluch vanes smusoidaUy m magnitude between jiositive and 
negative liraita tliat am erjual to tlie carrier for lt)0 per cent 
modulation, giving a resultant total that varies between rero and 
twice the carrier. '\NTien plotted m icctanguiar coordinates this, 
of course, gives a wave similar to that of Fig. 13-2 

A f-in wave muy be wpreeuiited vn the same manner, but in the 
interest of simplicity it will be assumed that the degree of modula- 
tion 13 so low that only the hrst-oeder side frequencies are of 
irapojtance. Under this assumption a f-m wave may be repre- 
seuled by the veolors of Fig 13-20 Tins tiiagram is distiiiguisLed 
from that of thn a-m wave m 
/ 1 \ that the two side frequencies are 

displaced by 00 deg, relative to 
the earner, from theirpositicin* in 

’-’S "’I'l- 

Fio 13-25 Vcctore illustraiing the tionship is sho^^n m Fq (13-30) 
reiitive phase of earner and iirst- wbctethcfirst-ordersidefrequen- 
order eido bands in a f-m nave . , . ..i 

eies aie proportional to the et»s 
of the ongle wliemas in llii. for uinpiiUide iiuxiulatioii the 

Bidc-froquency terms are proportional to tho cosine of the angle ) 
Evidently the sum of the two side frequencies in Fig 13-25 is a 
vector that lies at right angles to the earner vector and, when 
added to the cninor, prvduoue a resultant tluil shifts in phase but is 
nsseritiaily coiistiint in magnitude * 

Noi.se and Interference Reduction. The manner in winch 
frequency modulation reduces noise and other interference may 
now be seen wiUi tlie aid of Fig 13-20. If the carrier wave is for 
the moineul assumed to be unmodulated, tiie sum of this earner 
and of llio noise or other interfering signal will be tliw voltage 
irapie65cd on the receiver, thp locos of which is tho circle in Fig. 
13-2G. (Tlie noise vector will in general vary in both phase and 
laasciitVLdfc, attbough pb^o only » indoyatud m Ibc figure-) 


* The resultant should of course he cvaetly constant in magnitude ft* m 
Fig I3-23a The reason it » tint is th it only the first order side frequencies 
were taken into consideraixou and the catTier w us considered as constant in 
auiplitude. If the effect of higher order side hands la considered and the 
cartieT vectoi- vnrits sccorduig to J«tiii/>, tho resullatit im' 1 be found con 
slant iQ lenKtli throughout Che luwlulsUua cycle 
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Since the receiver will itispond to variations in plinsc (oi' fiequcnoy) 
only, the noise output fi'Mn the receiver udll evidently .be propor- 
tional to the angular shift ^ which, if the magjiituclc of the inter- 
ference is not more than about half that of the desired signal, will 
not exceed radian. 

If the desired signal is now frequency-modulated so as to pro- 
duce a maximum phase shift of many rodiuns, the ratio of signal 
In noise in the output of tire receiver will be ^'^ery liigh. This 
follows since the signal-to-noise ratio is proportional to the latio 
of the phase shift due to the desired 
modulation to that due to the noise, and 
the latloi' is limited to Vi radian for a 
noise signal oO per cent of the mngnitudo 
of the desired carrier. Tliero is no limit 
to tl5o umouiit of tlcsircd modiila 1 .ion tluvt 
may be applied, as there is in ampliliido 
mocluktiou where vi must not c-xoced 1 ; 
althougli an increase in band widtii always 
aecorapnaies an inerense in the frequency 
deviation, as indiented by Figs. 13*21 and 
13-22, whore ndditionnl side frequencies arc seen to become of 
appreciable magnitude whenever tw/ is increased. 

From the foregoing analysis ba.sod on Pig. 13-26 a large fre- 
quency deviation and, therefore, a wide band of frequencies are 
apparently required for effective noise reduction. Within limits 
this is true, and modern f-m imnsmitlers are opemtetl with a 
hand width of about 200 kc. However, any increase in band 
width is accompanied by an increase in the noise and other inter- 
fering signals that full within the naponso Iwnd of the receiver. 
Thus the improvement in noise reduction, as tiic band wddfch 
is increased, is not quite so great as might otherwise be expected. 

Since Ihe noise vector shovra in 13-20 might just as well 
represent an interfering statical, it is evident that no serious 
interference may be expeided from another trjinsmitting station 
ou die sjime frequency as the desired wave unless the amplitude 
of the interfering signal is greater than about 50 per cent of the 
desired one. Tims it is possible to operate f-m transmitting sta- 
tions on the same frequency at locaUons much closer togetlior than 
with a-m stations. 



Kio, l3-2fi. VmiUiPiiiiigPiiTn 
itlustralius the manner In 
which fi'otjHonoy mocluliv- 

Irion po(Iiio<!i< iioiNc. 
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Methods of Producing Frequency Modulation. The simplest 
method of producing frequency modulation is to vary the capaci- 
lunce of the tank circuit of the oscillator l>y means of a amflll 
condenser, tlic capocitunRU of rrtiicb is capable of hping varied by 
the modulating source. It is, however, difhcult to secure a good 
response from such a deiice over the entire audio spectrum 



Flo. 13-27. Cirevit of a diode modulator toe;elher with an eighth-wave line 
for producinc frequeaoy looduiatioc 


Another metliocl is to u$e an eighth-wave transmission Iidr as 
shoivn in Fig. 13-27.1 With no modulation voltngc applied, the 
transmission line is ahori-orcuited haif the time and open-cwcuited 
half the time, provided the impedance of tliu diode is negligible on 
IIh’ punitive Imlf cyrlo. This is indionted in Fig 13-28 hetween 
points a find 6 where the alternat- 
ing voltage IS tlie carrier and the 
(-!-> ami ( — ) signs indicate the 
polarity of the voltage applied 
to the diode Since a low-loss 
eighlii-nave traiismissiou line 
presents a nearly pure inductive 
reactance when short-circuited 
and a nearly pure capacitive rc- 
ant.annc of cqiin.1 raagnitudo when 
open-circuited, the average reac- 
tance under no-modulatior con- 
ditions IS savro When modula- 
tion voltage IS npplioil, the line is 
short-circuited more of the time than it is open-circuitcd during 
half cycle of the mndvdalim^^nltags, aa frwa. i> tn c, and pT«<3i\ta 
a net inductive reiialunci^ thus stiiftiiig Uin frequency. On the 
next, half cycle, the line pnsents a net capacitive reactance, as 



* Austin. V. Elii8tcii!uiaumiailD,8oalt,Tr)iasuuEBi9[iliifiesas Frequency 
Modulators, Proe. IRE, 22. p S78, July, lfB4, The nreuit of F'lg- 13 27 
represents an improTement over tlut in the reference, aueecstBU by 

John Woodyard 
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from c to d, and the frequencj' is shifted m Wie opposite direction, 
producing a f-m 

Balanced Modulator System of Frequency Modulation. 
Neither of tire two methods outlined in the preceding section 
includes . an)' provision for mamlnining l;he average (or carrier) 
frequency e.vactly at the assigned value. As it Js impossible to 
frequency-modulate a crystal oscillator, (lie problem of frequency 
stability is one that offers serious complications in any system 
invoh'itig frequency modulation. 

Major Armstrong solved this problem by starting out :vjth 
amplitude modulation of tire output of a crystal oscillator and 
tlien con\’erting this signal into a pliasc-rootiulated wave.' Tire 



Fis. Gcnoral ai nviigcinciit of Major Armstrong’s f*Rt transmitter. 


gencnil arrangement of his circuit is indicated in the block diagram 
^ Fig. 13-29. The output of n crj'stal oscillator is fed to a loal- 
anced modulator (see page 533) thmugh a network that shifts 
die phase by 90 deg. The output of Uie balanced modulator 
coiilains onl)’ the side bancl.s, and these are tiien combined with 
die carrier in its original phase. The result is a candor and 
pair, of side bands related as in Fig. 13-25 whieii, if the phase aliift 
IS kept small (not to exceed about 0.5 r.odian), is a very close 
approximation to a phase-modulated wave.- Figure 13-22 shows 

‘Iiduin II, Aiin-sti’onj;, A Method of Reducing Disturbances in Radio 
Sigviaiing by a System of Frequency ModulaUou, Proc. IFE, 24, p. 689, 
ttay, 1036, 

* Nolo that liic approximation is to a phas«-niodulnlcd wave, not to a 
PfTxciity-raoduiated ivavc, since the modulation amplitude is independent 
of the frequency cif the modulating wave. 
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tliat fop m »= 0.5 or Bmaller only thn fiist-order siric b.anda in a 
phase- or frcquency-motlalatcd wai’C are aiKnificant and the 
earlier ia nearly equal to its no-modulation value. Tluis the 
conditions of Fig 13-22d form = 0 375 uk; almoat exactly realirod 
by Armstrong’s system which pioduccs a 100 pep cent carrier aud 
first-order side bauds only. 

Thiee objections to this methoil are: (1) the umplitiiilc is not 
absolutely constant as it ^lould he,* (2) phase modulation and not 
frequency modulation is produced, (3) the phase shift is not 
sufficient to produce tlui desime] jinprovwnnnt in signal-to-noiie 
ratio. The first objection is overcome easily by inserting a current- 
limiting unit, such as an o\'erdnven class C amplifier, in Ecries aith 
the output (Fig 13-20). Since the c-.reet vuliio of the aUeirmting 
plats voltage in a class C amplifier cannot exceed the direct voltage, 
it IS evident that the output of the current-limiting amplifier can- 
not moreaso beyond a certain point no mattoi tiuu gieat may be 
tlie Rvid excitation Araphtude distortion that may V>e generated 
in this stage is not objectionable, since the recen ri is to respond 
to change's in ficquoucy rather than to changes in miipliLude 
Inseition of the limiter will automatically supply the neccss.\py 
higliei order side bands and adjust Iho carrier amplitude to conform 
to Eq (1,3 8(3) and Mg. 13-22. 

The second objection is raised because phase moduhtion uill iioL 
give so much noise reduction as will frequenoy modulation. It 
was shonvi in a jniMiediug Kcctioti that nfrootivB noise leduction 
niciuu-us larpc values of m, and phase modulation is mciipable of 
producing so large an average vnlue of w as is frequency modulation 
for the same maximiiin band widtli. Thus may be seen by noting 
tliat Eq. (13-12) is nearly equal to 

bio (13-43) 

if trip h much larger than oue. Alsu m, is jiropoitional to the 
amplitude of tlie mndulatinf; signal or 

m, = (13-44) 

• This is obvious from a etady of Pig. For the aniplilude to hn 

•nnstant, higher order side bands should be i>rescnt, and the p.irrier ampli- 
tude ghouJil deciease m ith iuodulation. as nhovin by the Joiz) eurve of Fig 
13 - 21 . 
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whore kp is a proportionality factor and ISa is tlic amplitude of the 
raodiilating signal. Inserting Eq. (13-14) into (13-43) gives 

ho = (13-45) 

wliick shows tliiit for a given amplitude the Imnd width is propor- 
tional to the frequency of the modulating signal. Thus at tow 
modulating frequencies the band width will be small, the max'irauin 
bandwidth being required at Ihc highest value o(f^. If we assume 
(hat a radio transmitter is designed to amplify a band ^vidtll of 
200,000 cyclcs/soc. with a maximum/, of 20,000 cyclcs/scc, Eq. 
(13-43) shows that must not exceed 5 (assuming tlint £» has 
• tho sfunc niaxiTniim amplitude at all frequencies). 

With frequency jno(hd« lion J2ip (J3-41 ) sho.vs that if kfa ^ /, wo 
may 'vrite approximately 

bvi = 2I:U (13-4(j) 


But /<; is projmi'tional to the amplitude of the modulating signal 
or 


k - hlS, 


(18-47) 


nherc h/ is a proportionality factor and Is again the amplitude 
of the rnodulating signal. Substituting Eq. (13-47) into (13-46) 
gires 

bio = 2k,Ji4i (13-48) 

which shows that the band width is ccnstaid for a given amplitude 
Riiice the carrier frequency /* does nob vary. Substituting Ecj. 
(13-47) into (13-40) and solving for m/ gives 




k, K /o 

/, 


(13-49) 


which sliows that with constant E,, m/ varies inversely rvith the 
frequency of the modulating signal, so that, if a radio transmitter 
capable of tratismil.ting it band width of ^10,000 cycles/seo is 
modulated with a maximum/, of 20,000 cyclcs/sec, the maxunum 
permissible vi; at 20,000 cycles/sec is 5 but at 2000 cyeles/seo mj 
"’ill 1)0 50 for tlic same value of E„, at 2(X) cydes/sec it will be 
500 and at 20 cycles/see it will be 6000. Time very large values 
of tn, may be ohtoiuecl at the lower modulating frequencies without. 
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exceeding tho band widUi of tbe equipment, greatly reducing the 
effect of noise and other interfering e^nals at these fre^ue^cies. 

The foregoing maybe siiromarized by stating that the band wicilli 
is very nearly proportional to »j/, in either phase or frequency 
modulation, but with frequency modulation m iaereases as /, 
decreases thus pernaitting full use of the available band width of 
the transmitter (or otlicr equipment), whereas with phase modiiti- 
tioii m is tlieeame at, all frequencies (for u given aniplJludc^t) and 
the full available band wkltli of tbu radio c(|uipinent is not used 
except sit the highest modulating frequencies. Therefore, ivhat 
would otherwise be. phase morlulation m the Armstrong transmitter 
is effectively changed to frequency modulation by inserting a filter 
m series with the modulating source, ns indicated in Fig. 13'29, 
the output of which is inversely proportional to the impressed 
frequency, Tins mahes m, vary inversely as 

Tlie Lhird objection is uvetvuroe by Uie use of frequency douUttrs 
EiUuh doubler duutilen not only the carrier frequency but oltio the 
frequerioy deviation (the signal nt R, Fig. 13-20, may now be 
considered na a f-m wave duo to the presence of tlio filter in tha 
modulating circuit). Thus the nutnbor of doublers is given hy 



where n •= number of doiiblnra 

=• desired frequency deviation at point F, Fig. 13-29 
(/i/p}i ■= initial frequency deviaUon at point B, Fig. 13-29 
To obtain an idea of the number of doublers required, recall tiiat 
thernariTnum phase shtft occurs at the lowest modulating frequency 
to be transmitted and must not exceed about 0.5 radian. If tbs 
Icaveat modulating fieqnency is 40 cycles/sec, then (I'/d)* = 
= 40 X 0 5 — 20. Assuming that % band width of 200,009 
cycles/sec is desired, Bq. (13-4(>) shows that (A/r), -= 100,000, ''o 
that 2“ = 100,000/20 = fiUOO. Solving for n shows that slightly 
over 12 doubler stages are needed. 

If 12 doubler stages arc used and tbe Sriul frequency is to be, 
say, 42 Me, tbe origimil varricT frequency must be 42, 000, 000/2'* = 
10,200 cycles/scc. This is much too low .a carrier frequency to be 
fiUcccRsfully modulated for high-quality telephone transmission; 
consequently an initial carrier frequency of perhaps 200 ke is used. 



Chap. 13} 


REACTANCR-TUBR MODVLATOR 


653 


If this is operated on by a series of six douislcrs, tlic resulting 
frequency at point Cj Fig. 13-29, is 12,800 kc, edth a miDimum 
frequency deviation of 20 X 2?“ = 1280 cycles/sec. At this point 
the output of anotiier crj'stal oscillator is introduced, and the 
resulting signal demodulated by a heterodyne detector.^ The 
output « ill tlien contain the sum and difference of 1;lie crystal 
frequenej' and -the 12,800-kc carrier, eadi carrying Ihe frequency 
jiiorfidoiton represented by a frequenaj deviation of 1280 cycles/sec. 
Tlie difference frequency slmuld be adjusted to the final frequency 
divided by the doubling action (rf the remaining six doiiblfirs, or 
42,000/2^ = G5G kc. Therefore, the crystal osciUalor nt point 
i) of Fig. 13-29 siiQuld give a frequency of 12,800 — G56 = 12,14.4 kc 
(or 12,800 -f G6G = 13,450 kc). The remaining six douiilevs 
will then inoreaso tbo carrier frequency from 66b Icc to the 
final 42 Me and will increase tlie frequency deviation from 1280 
oyolcs/Bcc to ,1 280 X 2* = 82,000 cyclcs/scc.* 

Tliia method of securing frequency morlulation evidently uses a 
good many tubes owing to tlie large mitnber of doubler stages. 
However, tlie power output required of each doubler is small, and 
reoeh'ing-type tubes may l)e u.sed. Thus sicither the initial 
iiwoRtmenli nni' the operating cost is excessive. 

Reactance-tube Modulator. Anotliei- common metliod of 
producing frequency modulation is through the use of u reactance 
tube. To understand tlic principles of its operation, first con- 
sider the general equation for the alternating plate cunent of a 
tube, obtained from Eq. (3-28), or 


Ip 


Tp + Z/. 


(13-51) 


If rpis veiy large compared toZi., Eq. (13-51) reduces to npproxi- 
maLcly 


= -j7«E, (13-62) 


The conditions of Eq. (13-52) be most readily realized by 
using a pentode tube, because of its very high plate resistance. 
‘ ScB p. 578 for a diaoussion ot heterodyne deteetorz. 

’ Tills is aomcwhal, less than the 100,000 oycles/sec originally called foi', 
vl one more doubler would iDcreasc the deviation to ICl.OOO oycle.s/sec. 
r iwtherraorc a slight increase in the origiool phase shift from 0.6 to 0.61 
radian nil! give a, final deviatioG of lOOilOD cydea/sec. 
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Tlie platP current in such b tulic is therefore virtiinlly irv phase 
with the grid voltage regardless of the plmse of tlie plate voltage, 
sinfc tlieru is «io (lunxiiaUire term in Eq. (13-52) If, then, a 
plate voltage is applied that is 00 out of pliat^c witii (hat of the 
grid, (he voltage and current in the pU(c circuit will differ m 
plijiw? by !X) deg and the tube will upiiear as a reactance to any 
evtctnal circuit coupled to the plate (vflwwe the reactance X = 
Ep/ — Ip). Furthermore, the cciuivalent reactance may be vnrletl 
by allcring the griil voltage, since this will vary ijm and llierefiire 
Such as the principle of the reactance-tubc modulator of Fig, 
13-30 

The plain chcitil of the modulator Lulie (lube 1 of Fig 13-30) U 
bridged across the tuned grid circuit of an o'^ivllator (tube 2) ‘ 


Reaetonee tube OJ«i/iah?r 





Fui 13 30 Ite.icijiice-iubc frcneency raudulalor. 

TIic control grid of the moduhitnr (tlie imo nearest the cathode) 
is Bujiplied with a voltage of the avme frequency as that iinpre^'tsl 
on the plate through the senes circuit consisting of (7j nml Tit 
Tlic resislanco of I\i is very inucli less than the reactance of (7i, 
so that the current flowing through Rt, and therefore the \’olEaRe 
applied to the grid, differ from the voltage across the tuned grid 
circiut of the oscillator by praclirally 00 <lcg. friic reactance oi 
the condeii«Drs C\ i« praetically a^ro at thg oscillator friHiucncv'-} 
Application of a*f modulating voltage to tlie grkt (lirongh the 
circuit indicated varies tlicjinOf the (iil>uiind therefore the equiia- 
lent resicliincu^,,/ — Ip, thus producing frequenrj’ modulation of the 

' Although the pHte circuit of (Ins oseijiator i« not tuned, it conliiiM 
jjfneient iinluctive reactance to make thn tube oscillate in the manner of 
the tuned-grid-tuncd-plate oscillator. 
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oscillator. The fiiEction of the other circuit consl.anfcs is largely 
evident from the diagram. C*, Cg, and C» arc by-pass condensers, 
C 3 by-passing the nulio frequency only. I* is a r-f choke. 

The reactance-tube method of modulation has the inherent 
defect of failing to provide suitable frequency stabilization, since 
it is im])ractical to frequemy-modulato a ctj'Stal oscillator. This 
problem is met by the addition of a separate frequency-stabiliza- 
tion system controlled bj*- a erj'stal oscillator, illustrated by the 
block diagram of Fig. 13-31. The output of a ciysfcal oscillator, 
the frotiiienoj' of -which differs from tluvt of the t.vnnsmil.ter by a 
low radio frequency is combined with a portion of the trans- 



ModuMing 

sfgna! 

Fto. 13-31. Dlock diarjnun of a compfctc (mnamittor using a rciibtnnco-tube 
trnquency modulalof. 

mil, tor output in a ireterodync detector, the output of which is 
responsive to the difference frequency. A delay circuit is intro- 
duced which prevents the output of the iieterodyne detector 
from responding to the rapid variations in frequency produced 
by the original frequoniy modulation of tlie transmitter, and thus 
the output frequeirny -varie-s only because of drift in the a-vorage 
frequency of Uie tnuisuiittcr. Tliis output is then applied to 
af-m detector" which produces -variaticHis in its direct jjlate current 

‘ The frequency of the Irruisndtter ie gcnorally so high (comraooly of the 
orderof 100 Mo) as to i>roo!udo Ibc usooraorystal operatiugatthe frequency 
of Iransmissiou. A crystal of lower frequency ui then used, and ila fre- 
quoiioy multiplied by suitable doublen; or triplcra as .shown until it differs 
from the transmitter frequeney by the desired amount. 

" See p, S95 for a discusaon of f-m detectors. 
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proportional to the changp in frequency improsseil on the cletRctor. 
The output of this detector alters thcarcragc grid voUnge (or bins) 
of the reactance tube and bo eontrola the average freiiueiiuy of the 
modulated oscillator. 

The modulated oscillator is normally operated at a frequeiioy 
somewhat lower than the finnl output frequency iu tlio interest 
of higher quality of modulation, eiiicu a smoUer variation in fre- 
qiienny is then requiiwl, and its freiiuoiicy is then multiplied by 
doublers or triplets up to tlie final de'iired value. This part -of 
the prycesa is similar to Uio Armstrong method described in the 
pi-eceding section, but Uie extent of eucli multiplication is much 
less, the oscilliilor frequency being very mucii higher than that of 
the Annstroug circuit. 



Fio 13-32 Gsaeral sn-adgeiueot «f a tranemitler ueiiiR synchronued 
frequency modulation 


Synchronized Frequency Modulation. A third system of fre- 
qunney mnduintion difTers from the Foregoing only in the method 
of securing frequency stabilisation. It is known as i^ynnhrtimsed 
Jrequency modulation because of the mechanical synchronizing 
process Uiut is u basiu part u£ the circuit The general principle 
of epemtijn is illustrated in the block diagram of Fig. lR-32.‘ 

It may be seen fruin u comparison of Figs. l.'l-Sl and 13-32 
that the main triinsmilter circuits arc essentially the same in 
these tivo eystems, both utilizmg iBactancu-tube modulation, 

‘ A general discussiou of tksi type of transmitter, together Math pictures, 
13 given by IV, II. Doherty, SynehroiiircdFMTran'<nuttcr,£rHZ.iJ6 Record, 
18. p 21, September, 1910, also see paper entitled Synchronized Frequency 
Iilodulation, Communications, SO. p 12, Aupuat. 1940. 
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111 the circ.uH-Tif i''ig. 13-32, however, Uie Ircque.ticy of the oscil- 
lator is reduced tlirough a frequency divider until it is of the order 
of 5000 cycles and ia then combined with the output of a crystal 
oscillator of such frequraicy that, when the main transmitter is 
operating normally, tlic difference in frequency produced in the 
heterodyne detector is zero. Any change in the transmitter 
frequency -will tlien produce a difference fiequency in the output 
of the lieterodyne detector. The output of the detector is applied 
to a small motor, lueclianically conuected to the shaft of the 
oscillator tuning condenser as indicated, which rotates at a speed 
proportional to the applied difforence frequency. Rotation of 
the tuning condensov shifts the frequency of the modulated 
osetllator until it ii an eimct multiple of tlie frequency-controlling 
oscillator, where it ismaintomed. 

The frequency divider consists essentially of a series of hetero- 
dyne 'detectors' in each of wliich one of the two input frequencies 
is tliat of tile output from the preceding detector (or, in the case of 
the first detector, the frequency of tlie modulated oscillator), and 
tlio otlicr is obtained from the output of Uio detector under con- 
sideration. Thus tho difference frc<)ueiicy appearing in tlie output 
of eaoli heterodyne detector is given by 

(13-58) 

from which it is evident that the output frequency will be half tlio 
input frequency. 

3. FOLSE MODULATION 

Intelligence may be transmitted by sending the r-f ewrier wave 
in a scries of pulses of very short duration, of the order of 1 /^scc. 
Tlic amplitude of the inofiulatmg signal is then I'Rpre.senf.cd by 
shifting the relative position of the pulses as in pulse-time (or 
pulse-position) motinlation, by chmigiug tlio vndth of tlie pulses 
producing puise-ividth modulation, or by changing (.he height of the 
pulses to give pulse-amplitude modulation. Fig. 13-,33. In each 
case the frequency of tlie modulating signal is given by the rate at 
which the position, width, or amplitude of the pulse changes. 

’Soil !>. .578 for discussion of heterodyne detectors. The imjiorl.int 
feature of tlic.se dclccl.oi'K, in tlie present application, is that they produce an 
output having a frequency equal to the difference Iwtwoun the frequencies 
of two impressed signals. 
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(Tfio pulses are shorni mufih wider tliaa ti»ey are in practice, tlio 
tpiice between pulses nomally bping muck ivider than the pulses ) 
Piilse-time modulation is illustrated in Fig. 13-336 where the 
ns'taiigular blocks represent the nmplitude of the carrier wave and 
tlir uniforraV spaced brdeen hues represent the poeitiun that the 





in 


(cl pulse-width rnsdulotion 



center of each pnhe would occult if there were no modulatin!’ 
siRna]. Inspection of the figure mil show that the displacement of 
a pulse from its umnoduLated portion is proportional to the in- 
stantaneous amplitude of the modulating signal given in curve a. 

The time interval between unmodulated pulses is fixed ; thus the 
number of pulses transmilted per cycle the modulating signal 
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dccreaises as the modulating frequency increases. Experience has 
indicated tiiat satisfactory transraisaon of voice unn be attained 
with a pulse repetition rate as low-as^^ times, the highest modulat- 
ing frequency to be tninsmitted.* Thus for the transmission of 
vniec alone (not music) a pulse repetition rate of 8000 times per 
second is adequate to transmit the required audio range of approxi- 
mately 200 to 3000 cydes/scc. 

Pulse modulation requires a relatively wide band width since a 
Pourier analysis of the pulse-wave siiape will show that rather 
high frequency components must be included to loproduce each 
pulse properly. As in frequency and phase modulation, however, 
the increased band widlli is accompanied by a marlccd imp^o^’■emcnt 
in signal'to-noisc ratio. 

Ail important advantage of pulse modiilntiou is its ready adapta- 
tion to multiplex oporalaon. Witii a pulse repetition rate of 8000 
cyclfis/sec, the time interval between Uie broken lines of Fig. 
13-33?) U 125 /isee. The pulse width can be of the order of 1 psec, 
and a shift of ±5 ;isec is usually sufRcicut to carry tlic modulation. 
Thus not more than about 10 psec out of every 125 is actually 
required to transmit the intclligcucc, niid the remaining timo may 
be used to transmit other pulse-modulated signals.^ 

There are a number of ways of producing pulse modulation. One 
is to use a bonk of multivihrators, ono for each channel of a multi- 
plex Bj'stem, synchronised by a controlling oscillator. The pulses 
produced by a given muHivibrator arc tlien altered in width by the 
modulating sigmil, and the trailing edge of each is differentiated 
by a suitable circuit to ipve anotlier pulse which is constant in 
width but which varies in petition with the original modulation. 

A more ingenious method and ono whicli combines tiie multi- 
plexing and motlulation processes involves Uie use of a tube Icnown 
as the ci/clophon.'’ This hilrc consists of au electron gun similar to 

’ D. D. Grieg and A. M. Ijcvine, Pulsc-tiniB-nioiiulated Multiplex Radio 
Rfiliiy Systcni-tBrmiual Bquipment, Bite. Commun., 23. pp. 160-178, June, 
3946. 

- lilquipment h.is been designed wliich will triinsmit 24 scparnle channels 
and !i synchroniziviK signal, with apulsorepeUUon iiit.c of 8000, a pulse width 
of about 0.5/.sHn and a deviaUen of only ± 2.$(isec. See. Grieg and Levine, 

’ See D. D, Grieg, J. J. Glauber, and S. Mostowits, The Cj'clophon; A 
MuUipurpiise Rtcolroiiic Commotator Tulie, Proc. IBB, 36, pp, 1251-1257, 
November, 1947. 
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those Msed in cathode-ray tubes, electroatatjc deflecting plates, a 
stopper or aperture plate, and a senes of targets located opposite 
the openings in the aperture plate, 13-34. The electron beam 
is accelerated and focused in the usual manner by the grid A and 
the two anodes B and C nod is then caused to rotate by applying 
voltages to tlie two pairs of deflcctii^ plates, D and E, wliicli 
diHer in phase by 90 deg. This causes tlic electron beam to rotate 
over the series of apertures in llie stopper pLite H thus providing a 
pulse of current to each target (^’i, /j, . . . ) in succession. The 
stopper plate ii normally maintnined at a more positive potential 
than tho targets, theicby pnxiucing current flow from targets to 
stopper plate owing to secontlary emission from tho latter and 



Fio 13-34. Cyclopboa tub« for multiplex pulnu mudulatiou system 


considerably increasing the current flow through the external 
circuits. 

The cyclophon thus produces a series of pulses which are equally 
spaced, the pulses due to any one target constituting a single 
channel for tlie transmission of intelligence, hlodulation of these 
pulses is accomplished by the use of gate clippers, one in senes 
M'ith each taigct and controlled by the modulation for that channel, 
which isolate a sumll slice of Ute pulse, the width uf the slice being 
proportional to the InstantomHius amplitude uf the mudulatiiig 
signal The TCKiilting signal may be used to pulse-width-mothihite 
the carrier wave or it may be txanalated to pulse-tune modulatiou 
by using .a differentiating circuit to produce n pulse corresponding 
in time to the trailing edge of the pulse produced by the gate clipper. 
This latter process will produce an output for each channel exactly 
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like Fig. 13-335, except timt the i-atio of pulse width to the space 
between pulses is much smaller ^an indicated. Pulses of the other 
chiiiinels from the oyclnphon will occupy the spaces between the 
pulses shown m Fig. 13-336. 

A similar cyclopbou tube may be used at the recei\dng end to 
separate the various uliunncls (see page 599), synchronization 
being maintained between the 
two tubes by means of ejm- 
chronizing pulses. The sjm- 
chronising pulses as'e produced 

on one of tire ohannek of J,he _J||fl l|||l ll|f]|l 

cyclophon but differ slightly 

in shape from the signal pulses ,3^5, curvi'(&) shows t].o actual 
so that they may be distin- r-F wave reprcsentail by the pulsos of 
guished at the i-eeeiving end. 

The actual transmitted wave will appear «omowhat as in Fig. 
18-36 wiioro (a) shows three of the pulses produced by the cj'cio- 
phon tube and gate clippere. These arc in turn usod to key the 
transmitter so that the r^iated wave is a series of siue \vaves (6) of 
radio frequency. Actually there are many more cyolcs of radio 
frequency per pulse than can be depicted; a l-pseo jjulae, for 
example, is long cnougir to include 100 cycles of a carrier wave 
lia\'iiig a frequency of 100 Me. 


PROBLEMS 

13-i. A carrior wave of 1000 watta is 80 per cent amplitude modulated. 
Wiiat is the total power radiated? 

13-2. A certain class C ninpltflcr with 2000 veils plate supply delivers 75 
watts at 50.4 per coulclliciency. Ills to Ira modutiited by a cl.oss ^Vatuplirier 
usiii)’ the circuit uf Fit;. 13-9. Assume that the class O aiuplinor piescnls a 
luad impedance of 30,000 ohms to the. modulnlw. The tubes to be used in 
the modulator arc r.atcd at 2000 volts plate supply with li *= 19, r,, = 3000 
11 lima, (n) How many of these modulator tubes miisi. iie Djjcratcd in iiarnllel 
to secure 100 per cent modulation of tlie class C amplifier with a 2000-voU 
plate supply if the Iratisformor turns ralio is such ns lo cniise the roodul.al or 
tube (or tubes) to workintoaloadTC8istaDceof2r»P (6) Wlmt are the turn? 
ratio and a-c power rating of the trausfoiuier? (Maximum perroissibla 
excitation on the modulator tube is 48 volts rms.) 

lS-3. A triode with characteristics as given in Figs. 3-35 and 8-16 i.s used 
as a square-law modulator. If £» = 90 volls,£< = —5 volts, narrier voltage 
= 1 rms, modulating voltage — 0.7 rms, fi = 13..5, and Rl = .'50,000 ohms, 
solve for m. 

hint: Graph! oally solve for r, and from Fig. 3-18 or 3-16. 
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13-4. Revvnte Eg (13-S6) potting ia aamerical v.ilues for all amplitudes 
and angular frequencies for m/ = 4, /ovtm = 00 Me, /, = 1200 cjcles/sea, 
Include all side frequencies up to and including {m/ 1) 

13-5. In a. certain f-iu trsnainiUer /«,••( = 40 file, iui = 203 ke, IViiat is 
them'i'cimum phase shift ntjker aide uf carrier for (o)/, = 6000, (6)/« — 35 
13-6. Two broadcast eignols having frequencies of 1000 and OSO kc are 
imprc<iscd on the grid of a tube which is producing eroes modulatien hy 
operating on a curved portion of its characteristic curve, (o) IConlyfirst- 
und iwcond-order terina are eon.nitJered, nhtt fmqucnries are pre.vint in the 
plate current of the tube? (6) ff third-order terms are also considered, 
what additional frequencies ate present? 
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DEMODULATORS 

A modulated wave uTts shmvn in the preceding chapter to be one 
in which a given signal, nsiially of low frequency, is superimposed 
on a carrier wave of liigher frequeuoy. Tlie carrier wave is then 
commonly transmitted by radio or wire to some remote point where 
the original signal must be romo\'ed from the caniei- before it can 
be used. The process by xvhich this is accomplisiied is known as 
dmodvialion or, especially with corrio* waves of radio frequency, 
delf^ction, and the \'acuuui tubes and associated circuits used in this 
process aro known os dmodulalcrs or detectors. 

Demodulatioa. Demodulation is defined by tiie Institute of 
Radio Engineers in their Statidavds Report as “thn process of 
modulation oai'ried out in such a manner as to recover the original 
signal,’’ As implied ui this dehnitioi), tho processes of modulation 
and demodulation arc very similar, tlic differonce, in the square-law 
typo at least, lying primarily in the tyi>e of output circuit selected 
to utilize the products ohLainerl. 

1. DEMODtTLATION OP AMPLITUDE-MODULATED WAVES 

In general there are two ty|)es of amplitude demodulators: 
(1) linear (large-signal) detectors and (2) squarc-law (Bmall- 
signal) detectors. .Lijicar detectors, when operating ideally, 
reproduce the original modulating signal without distortion and 
arc, therefore, usually preferred to square-law detectors u'hicli 
inti'oduce some amplitude distortion, usually iri the form of a 
second hannonic of the original modulating signal. The circuits 
used for the two typos are often ecac% the same, the difference in 
performance being due to the amplitude of lie applied signal 
It is for this reason that they arc commonly known as large-signal 
and small-signal detectors, reqjectively. 

Large-signal Diode Detectors., Figure 14-1 sho^vs the circuit 
of a simple diodo detector. Reference to the material in Chap. 7 
will disclose that this circuit is the same as that of a half-wave, 
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single-phase rectifier with a condenser filter. Thus the output 
will be pure direct current (except for a small ripple) when o 
constant nltcmating vnitage is applied, as wheu the input consists 
of an unmodulated carrier. An a-m wave, on Ibe other iiand, 
impresses a signal of variable amplitude, and the output of the 
detector should vary in direct proportiofi tn this changing ampli- 
tude, TlTiether or not it does so evidently depends in large part 
on the time constant of the JtC circuit in the output of the detector 
as nell as un the tube churaclerislics. 

The plate current in tlie drouit of Fig. 14-1 will flow in a series 
of short pulacs at the pralrs of the impressed wave in a manner 
similar to the performance of ft rectifier with condenscr-input 
filter. Normally the resistance Rt » very large so that the current 
pulses are much shorter than in the usual rectifier circuits nnd the 
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condenser C is, therefore, charged to a potential almost exactly 
e<iual to the peak value of the impressed voltage (eee discuBsioD 
of Fig. 7-37, page 199) This type uT demodulator is, therefure, 
frctjuciitly known as a peak linear delerior. 

The action of this circuit is pictured In Fig. 14-2 for an impressed 
modulated wave. Actually the number of r-f cycles per cycle of 
modulation signal is many times that shown, the actual number 
being so great as to make an accurate illustration impossible 
The potential cf the cathode is used as reference point, and the 
voltage across the condeuser is indicnled by the distiincc between 
tlie dotted line and the 5' axis, with the impressed r-f voltage 
superimposed on the curve of condenser voltage. Since the voltage 
e» ncrorfs the tube is, from Fig. 14-1, 

e» = «% — et (14-1) 

and since the condenser voltage, tfe, is here plotted negatiTOly, the 
voltage across the tube Is evidently repneseuted by tlie total in- 
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slantaneoijs distonce betwo^ the solid’ curve and the Y axis. 
Current will, of oourse, flow through tlre'tube only during the 
short intervals that tJiis tube voltt^ is ptKitive, i.c., when the 
solid curve lies to the right of the Y axis. 

The current flow is indicated in Fig. 14-2 with time unite cor- 
responding to those of Oie impressed voltage. 

The curves of Fig. 14-2 indicate that the condenser voltage will 
equal the crest value of the impressed signal mid will therefore 
vary in the same manner as the envelope, ‘ if the tube drop is 
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Fia. 14-2. CharRotcristic curve and alternating voltage and current in a 
pnali linear (largc-siRnsJ) detector, 

negligible, since the locus of Uifi positive peaks of applied i^'oltagc 
would then coincide with the Y axis. Since the tulie character- 
istic must have an infinite slope for the tube drop to be zero, 
it is evident that reasonably distorfeiODlcss operation requires that 
the static characteristic curve have asteep slope. 

' Large-signal Triode Detectors. A triode may be used a.s a 
detector instead of a diode, the circiut being shoum in IHg. 14-3 
where the tube is biased to cutoff. Tile general periormance of this 

' Unless the time constant of the R^C circuit is made too large compared 
to the time of an a-f cycle {eee diamtesion on p. 571). 
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circuit IS similar to that of the diode ; in fact, the tube may be 
thought of as an amplifier prexlucinR a voltage which is 

applied to a diode conaistitig of the plate-cathode circuit of the 
tube. With this assutnptiori the t-« curve of Fig 14-2 may repre- 
sent the tj — th curve of the triode of Fig. 14-3, nntl the impressed 
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Pro 14-a. Circuit of a 


i-type trii>dc ilctcctor 


alterroting voltag® ^8 '"■•11 be — /ic, for the circuit of 

FW 14-3. 

Analysis of the Peak linear Detector- Since < he lo.atl impedance 
m the peak linear (largo-aigna!) detector is a function of frccvitcnoy, 
anolysis by menna of Erj. (12-6) is o possible approach, with 
evaluation of the constants from Eqs (12-4C) and (12-47). 



However Ballaiitiue iuis developed another metliod in wliich the 
performance of this detector le compa.c«.:d with tUivt of an urn- 
plifier, which somewhat simplifies tlie problem * 
la this method a set of characleristic (suri-ea (Fig 14-4) is 

• Stuart BalTantiae, Detection at High Signal Voltaecs, Proc IRE, 17, 
p. 1153, July, 1020 
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plotted Cor the diode, similar to the triode static cliaracteristie 
curves of Fig. 3-16 (page 53), except that the crest value of the 
impressed r-f signal voltage e™ is one of fJ»e indeijetideiil vari- 
ables instead of c^. The plate current itr is the direct, nr rectified, 
component of the plate current duo to the presence of the r-f 



signal 'E,, tho 8ul>script r distinguishing this current from the 
total plate current i* which must >n(-.lu<ie v-f componentiS as weil. 
If a triode is used, the same ciii-vc.s are plotted (Fig. Id-O), nltlioiigh 
n different set must be obtained for each value of direct grid 
voltage to be used. The curvc.s of Fig. 14-4 are know-n ns rncHfica- 
lionckaracterisiic curpcs, and those 
of Fig. 14-5 SB iraivsTecUficalioii 
c)iaracleri^Hc cutvus. 

The curves of Figs. 34-4 and 
J4-5 may be determined expesri- 
mciitallj', as weretiic sialic cmvea 
of Fig. 3-lfl, using the circuit 
of Fig. 14-6 for a diode nod that of 
Fig. 14-7 for a triode or miiltigrid 
tube. An a-f source may be used 
a.s E, (rather than r-f) provided 
ite frequency is not so low that 
the d-c plate meter will respond to 
the alternating components in the plate cueuit. The condenser C 
must be of such sice that negligible voltage a|)pears acro.ss it a.t tho 
frequency of E,. For triodes and multigrid lubes the grid-bias 
voltages at which the curves are determined should be such as to 
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produce cutoff at tlie plate and Bcreen potentials available for use 
wth tbe tube.' 

The BjmiJarity of the curves of Figs 14-4 and 14-5 (especially the 
latter) tti those of Ftg. 3-lG is quite striking, and it will be shoHTi 
that these curves rnay be used to determine the performance of 



Fio 14-7. Circuit f«r detctniiaiiis the curves of Fig 14-6. 

this detector In the same innnner ns those of Fig. S-IG were used to 
determine the performance of n class A ampIiSer, either bj' the 
equivalent circuit of Fig. 3-24 or by the uso of load lines as on page 
3U8. For rtatcple, if an wave » iraproesed, the orost value is 
given by 

en, = E»m + vtEom ein yf CH-2) 

The equation of the voltage applied to the grid of a class A amplifier 
is 

fc^Ec+ Eg„ sin gt (14-3) 

Since compnri.sim of tbe curves nf Figs 14-4 and 14-5 with 3-1& 
shows that c,m tnay be treated a.s the equivalent of e,, it is evident 
that the c.srncr voltage must be the equivalent of the bias 
voltage of an amplifier, E^, and the voltage mEon^ the equivalent 
of the nlfemating excitatjcm voltage E^. 

The curves of Fig. 14-4 or 14-5 may be expressed matLematically 

Kquatvon (14-4) is exactly like Eq. (12-1), page 4SS, and may 
therefore be expanded by Taylor’s series to give an equation of the 
’ Dallaotine has shown that a bias mure uesative than cutoff will result 
in improved performance if the modulation faetor m ts at all times appre- 
ciably leas than 1 , see BaltantiM, loe. ett. 



CiiAr. I4| ANALYSIS OF TUB PEAK LINEAR DETECTOR 


569 


same form as Eq. (12-5). If wc write 14 , = ht,, — f^or by analogy 
w'iUi the footnote on page 488, we may also, write by analogy with 
Eq. (12-5) 

•f,Or = dlBa -|- dsCa* -J- ■ ■ ■ (14-5)* 


where Bo = sin and corrc^onds to Cj, in Ecj. (.12-5). Tlie 
{jonstants in this equation may be evsduated in the same manner 
as those for Eq. (12-5) and will be 
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de,« 

1 + ;;,.^' 

(14-6) 
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dl^r d tir 
. '' de,m Be.^ci. 
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As in the case of the constants Oi and a, of Eqs. (12-0) and (12-7) 
these derivatives must be evaluated at tlie operating point. In 
I, his casB the operating point is determined by the no-modulation 
direct plate voltage Bi, aod tlie carrier voltage Enm. 

The term ditr/dc* is evidently similar to the plate conductance 
of the tube except that it must be cvtduated in tlie presence of 
the normal carrier voltage. The reciprocal resisiantc Sci/SiV, 
Is usually preferred and is known as the dctcclicfi. plale resielovi.cc 
symbolized in this book by r,,. 

The term dU„/de,m is of the nature of a Iransconductance; but 
since it is the slope of the rectificd-plate-ciirrent-signai-voilage 
curve and not the plnte-current-grid-volUige cur\'e, it is not the 
bmnsconduotance of the tube. Ballantinc iuis called this, terra 
the recti;icatfon /actor in a diode or tiie Iramrcctificalion facior in a 
triode, and in this hook both are symbolized by 

As in the case of oi and oj (Eqs. 12-0 and 12-7), di and may 
be simplified to a form similar to Uiat of Eqs. (12-46) and (12-47) 


2|(r„ -H ZuaiWpr + Zi.f„))(rp, -1- 


(14-9)* 
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Both the detection plate resistance and the rectification or 
transrcctification factor may be detonniiied by measuring the 
slope of the appropriate characteristic curve, The detection 
plate, resistance may ubo be measured in a suitable bridge circuit. ‘ 
It IS now possible to apply the entire analysis of the class A 
amplifier to the studj’ of the peak linear iletector. It is necessary 
only to replace the terms employeil in the study of class A amplifiers 
with the equivalent terms for the detector Tabic 14-1 Bummarizes 
these aubstitnticms, hn-sf-.ii on Uic material oC tUis eectiou. 

Table 14-1 — Sctstitutjohs to Be Made in Appiyino the Analysis 
OP Class A AitrunBRs to Peak Linear Detectors 
SyjuLuI for Class Coriinpoading Symbol 
A Amphficn for Peak Liunsr Detectors 


k kk 

Elm fnEtm 



gm ?«. 


It is important to note that under normal conditions the cur* 
rent i*, flows through the resistance Rt. of the detector circuit 
(Fig t-4-1, or 14-3), the imped.ance of the condenser C being too 
high at the frequencies preiscnt m i*, tAi pass Appreciable current, 
so this resistance corresponds tu the lotitl resistance uf the pquiva- 
( ^nt amplifier. Tlie eoudctiser merely by-passes tlia r-f eoinponeats 
\that were not included in tlie current »*,. This brings the further 
Conclusion that the relative mi^nitudcs of R[, and C in the detector 
output circuit must be such as to present a load impedance of i2i 
to iir and Kcro impcdanco tA> the r-f components. 

Distortion in Peak Linear Detectors. The performance of a 
peak linear detector, wlien a modulated wave is iiiiprcascd, may 
now be determined replacing c« iu Eq (14-5) by siii ql 

and expanding the equation in the same manner as for the amph- 
fier on page 495. By anatoRy uith Eq. (12-32) this will give for 
the first-, second-, .and third-order terms and the increase in the 
direct componeut 

* The reader 18 referred to the StoDdanfa Report of FRE for reconimendcd 
circuita for use nith both diodes and triodes. 
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i.., = ^ 

^ d,(mS^f ^ ^ „ Afr-a,. J' ,i„ s^i (14.10) 

For clistortlotiloas operation only the sin qt term should appear in 
tlie output so that Eq. (14-10) shows tliat all coeiBcients other 
than di (viz., dj, d^, . . .) should be zero or, from lilq. (14-9), Tp^ 
should bo zero for all values of ft.’ niis means that the curve.s 
of Figs. 14-4 and 14-5 must be stiuigUt lines and, to the e>d.ent 
that they are not, distortion will be present. 

If the loud circuit of tlie detector is a pure resistance and has the 
same magnitude at uU inocluliiting frequencies including zero, a 
load lino maj’ be drawoi on Fig. 

14-4 or 14-5 whereupon the com- 
pleto study of amplitude distor- 
tion prosented for audioamplitiers 
starting on page 328 is at once ap- 
plioablo by making the sulwtitAi- 
tions of Table 1 4-1 . Tlio an.'Uyaia 
is o.vactly the same whetlter the 
detector is a diode or triodc, ouoc 
the curves of Fig. 14-4 or 14-5 
have been obtained. Ajialysta 
of the performance of mulUgrid 
lubesshouldfollowthatof pentode 
amplifiers and is therefore not 
appreciably different frinn that 
of triodes. 

Frequency distortionmay result 
from variations in output load 
impedance with the modulating 
frequency or from too long a time 
constant of ttic condenser and re- 
sistance used in the plate circuit 
of the tube [e.g., C surd Rt. in Uie circuit of Fig. 14-1). Tlie latter 
type of distortion is due to failure of (be condenser voltage to follow 
the envelope at all parts of tho modulatiou cycle. For distoi'tion- 

' This inakBB d, = 0, find if dt is zero for alt values of voltage, nil higher 
order coeffioients jh'C nlso zero. See footnote on page 40B. 
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less operation it must follow the dasbed curve of Hg. 14-2 marked 
“condenser voltage”, but if the time constant Ri.C of the detector 
output is too large, tbe condenser voltage will deviate from the 
dashed curve. Thiaisfllustrated in Fig. t4-fi where the .solid curve 
in (<i) represents the. da.shcd curve of F^g. 14-2 drawn to a larger 
.scale, the points x and y corresponding to eimilarly marked points 
in Fig. 14-2 From 0 to x tb« condenser charges as tUe iinptessed- 
aigna! voltage approaches tlie positive crest of its modulation 
cycle; from x io y Uie impressed voltage decreases, and tlie con- 
denser must discharge Since the tube condutsts in one direction 
only, the condenser must discharge through the resistance /?£, 
the discharge curve being a.s shown in Fig. 14-86. If the discharge 
curve is not sufficiently steep (I'-c-, if the prrxluct Ri.0 is too large^, 
the condenser voltage will follow the curve of Fig 14-8a 

instead of the solid curve o.s desired, thereby producing a diistorted 
output wuvr. 

Tormnii has shoNvn tliaV the time oonBlant of the deleutor out- 
put circuit must satisfy Ibefollon-mg rvlaUuii' 


RlC % 


(14-11) 


where lit. and C have the significance indicated in Figs I-l-l and 
14-;i, uiid q is 2ir times Uie modulating frequency Roberts and 
\V illiams have extended the loregoii^ analysis to include the effect 
of the input impedance to the succeeding tube, giving* 

R,C^ y gj - (14.12) 

qmR,. 

ivheru R. is the resistance of flt and the input rcsi.stnnoo to the 
succeeding tube in parallel. K\'idenUy if the input resistance 
to the succeetlii^ tube is veiy mucli larger than Ri,, the two pre- 
ceding ec\uatintui will p^ve the same results. 

The preceding amaiysis applies «iually to diode and triode 
detector.s, but the input impedance of the diode is lower than that 
of the triode since the diflcle drawn current while tbe grid of the 

' F. E. Tctman, Some Froportiea of Grid Leak Power Detectors, Proc. 
/AC.lS.p 21G3, December, 1030. 

• F. Roberta and F C Willidlng, Jtiur. tER, p. 379, Septemt>er, 19S4 
Also sec S. Dennon, Note on Largn Signal Diode Detectiou, Pnx- lllE, 26, 
p. 156.>, December, 1937, 
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ti'iode is biased ncgatb'ely and draws no current. Tliis results in 
broad tuning' and other undesirable effects wheji si diode is used. 
The use of a high load resistance (Bl in Fig. 14-1) will greatly reduce 
tliis trouble and at tho same time will reduce distortion and increase 
tliR output voltage. When property designed, diode detectors are 
capable of producing, low over-all distortion and arc more com- 
monly used tiian aj'e triodcs or pentodes. 

Another type of distortion, known, as dipping, results from the 
almost universal use of, automatic volume control in radio re- 
ceivers, which causes the lesisbanco to the direct component of 
plate current to be greater tiian that presented to the alternating 
components. . Clipping will lie discussed later in the section on 
automatic volume control (page 587). 

Infinite-impedance Detector. The infinite-impedance detector 
(Fig. 14-0) eliminates the flow of current tiuit is present in diode 
deteotots and yet. retains the high-fidelity cliavaeteriatica of the 



Fio. 14-0. Iiillnilr>-in\{>cclancc detector. 


diode. A triode tube is used with the load I'esistanec inserted in 
the cathode lead, instead of in series witii the plate as in tho 
detector circuit of Fig. 14-3. The cundoiiscrs C\ have negligiljio 
reactance at radio frequency but high roactanee at audio fre- 
quency, and Cs has negligible reactance at the modulating fre- 
quency. The advanli^s of tius detector may be seen by referring, 
to tho curves of Fig. 14-2 which show that tlm .avei-age voltage on 
a diode (averaged over a r-f tycle) varies with the modulation, 
as indicated by the dotted condenaer-voltagc line, this variation 
being due to 1,he flow of current through the tube at the positive 
crests of the r-f cycles. In the infinite-hnpwiance dotcctor' the 
average grid voltage varies in a similar manner to tlie average 
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voltage on a diode, but in this case the vamtion is <iue to the Rom- 
of plate current which dons not flow (liniugli the input circuit. 
Thus the input impedance ia hi^ at all times. 

It is true, of course, Uial the triode detector of Fig. 14-3 nlso 
has a higli-input impedance, hut in that type of detector the 
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Fio 14-10 Square-1^ Jemodulstiouduetocurvutureofthcclmraoteristio 

o-vecage gtkl voUage ccsiains constant, and detection it due to 
vuriations in l.lio averngo plaic voltage. Tiiesc variations in plate 
voltage in turn cause the triUisconductance of tlie tube to vary 
throughout the raoduhition and some distortion results , i c , 

when operating in the circuit of Jig- 14-3 the tube is essentially the 
equivalent of an r-f amplifier driving u diixic ilcti^otor (the plate 
circuit). 
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Square-law (Wealr-signal) Detectors. Wlien the iipplicd signal 
is VGiy weak, the plate current in the detector of Figs. 14.-1 and 
14-3 may flow throughout the cy<de, instead of in pulses as indi- 
cated in Fig. 14-2. This produces a performance as indicated in 
Fig. 14-10. Tlie i-e characteristic curve may represent the cur- 
roiit-vollage cur\’e of a diode with aero plate voltage being at o', or 
the j>latc-cun'(jnt-grid-voltagc curve of a triode witli zero grid 
voltage being at b. The 100 per ccut modulated wave shown on the 
vertical axis is applied to the input of the cireiiit of Fig. 14-1 or 
J4-3. The appra.<imftte shape of the plate current flowing at any 
instant may then be found wjijr the aid of the i-e characteristic 
curve and is as shown on the horizontal line of Fig. 14-10.- The 
r-f components of this oarreat are by-passed through the con- 
denser C of Figs. 14-1 and 14-3, and the current flowng through 
f?,i is then as shown in Fig. 14-1W>, consisting of a direct, component 
and a component having essentially the same shape us the envelope 
of the impressed modulated wave. 

Performance of a Square-law Detector. The performance of a 
square-law detector may best be analyzed by means of the power- 
series expansion. The voltage across Rt may bo found by first 
writing tlie equation of tlic iiicicmentul plate current, due to 
upplicntloa of ii signal, from Eq. (12-5) {or from Eq. (12-41)] and 
theji multiplying each component of this current by the impedance 
presented by Uio load at the frequuncy of the component. Let the 
voltage induced across the resonant cireuits of Figs. 14-1 and 14-8 
he the modulated wave of Eq. (13-6), page 512. The incremental 
plate current is then found by inserting Eq. (13-6) into (12-5). 
Itearranging terms in tbe order of llielr frequeucy and letting 
0 + 5 = 7 ’ ’’J'd CD — g = r in designating the subscripts gives for 
the first two terms of Eq. (12-6) 

‘ It may aiiciii strange that this curve indicates tliat plate current flows 
in a diodo « itli zero iipjiliod cuif. The scale of this figiti'c is such that the 
clifforeiicc in potenti.-il between point a oud the puirit at which the current 
drops to zero is prgb.shly less than 1 volt, and the niognlttide of the curi ent 
flou'iugatpointaisof theordcrofafcwmicToampores. Thisemall current 
is due to the velocity of emission of the electrons as they leave the cal.hodo 
and is sufEoient for the jujlion of a sguarc-law detector. 

- This process aesuincs aero loud impedance to all oorapotients (if the plate 
oiirreiit wiiich is, of course, not true, but the rCBiilts, Ihougli not quite 
accurate, arc helpful in visualising the detector performance us jiresentedin 
the next section. 
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a first approVunatioa the output uapedance of tlte circutti of 
Fig^. 14-1 and 14*3 may be assumed to be zero at all radio fre* 
qucncies and equal to Rt at all modulating frequencies and for 
direct cutreut (w Is a radio (requcacy aud g is a modulaLiitg fre- 
quency). Tins moans lliat aero iMitput voltage will be set up by 
all terms in Eq. (12-13) cTCCpt the first six. Ry expanding the 
Oz terms by means of Eq (12-47) and letting ul = 0, ji,' = 0, the 
output potential may be written as 


/i’‘r'z,RLE(,m* (. 
4r„(r, + /fO V 




+ 


Rr.mA'on' 
2r,{r, + flt) 


sin qt 


itr'f RtftrEtm 
Sr,(r, + 


cos 2qt 


(14-14) 


wiicm >1 = 1 for a diode. 

Equation (14-14) shows that the output of the detector contains, 
in addition to an increase in the d-c component, a term of frequency 
q, which is the desired output, and another of frequency 2q which 
is a sccond-harmonic distortion component. A comparison of the 
amplitudes of these last tn-o terms shows that they arc in the ratio 
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m/i- BO that the percentage of distortion in the output of this de- 
tector is 

Amplitude distortion = ^ X 1(W% 

This indicates that the maximum distortion, due to the square-law 
characteristic oi' ttie. detector alone, is 25 per cent and that it varies 
iu direct proportion to the percentage of modulation. 

Square-law detectors are not widely used, at least partly because 
of this inherent distorlarai, except in heterodyne detection (see 
page 578) whore a tnie square-law detector is theoretic.illy dis- 
tortionless. However square-law detection commonly takes place 
in such uudesired circumstances as cross modulation (see page 531) 
and is therefovo of more than academic interest. 

Components of Square-law Demodulation. A equarc-law de- 
tector functions fl-s a demodulator liecause it is operated on the 
curved portion of the tube characteristic curve. Thus it is similar 
to an amplifier tube producing amplitude distortion and the analy- 
sis of the setition on page 505 is equally applicable to a detector. 
Applying this approach permits determiaation of the frequency of 
the various components of the plate current without first develop- 
ing Eq. (14-13). If the characteristic curve is tnily 8quare-la^v 
so that no terms higher than the second order are present, tlie plate 
current, of the detector will contain components having the follow- 
ing frequencies: (1) the original frequencies, w, w + ?, w — 3, 
(2) the sums of each pair, = 2<ii, u + (w ff) *= 2«H-3,- 

w -h (u — 3) 2ctf — g, (« -f- 3) -h (« -t- ?) = 2w H- 27. 
(u -i- 5) -t- (m - 3) “ 2u>, (tfl - 5) -h (w - 3) = 2u - 2? 
and (3) the differences of each pair, o — u = 0, « — (w 7) = 
7,' a. - (a, - 7) = 3, (<„ -+■ g) ~ (u + 3) = 0. (jj -f 3) - 
(to — g) = 2g, (to — 3) — (to — 3) = 0. If the tube character- 
istic curve is not truly square-law, third-order (and even higher 
order) terms may appe-ir and produce ftirther components accord- 
ing to the discussion on page 506. The output circuit must; be de- 
signed to discriminate !>etween these various components and so 
reproduce only the desired terms, in so far as this is possible. 

Grid-leak Detector. Figure 14-11 shows the circuit of the grid- 
leak detector. Essentially it may be cemridered as a diode detector 
in which the grid of the triode serves as the anode of an equivalent 
diode and R, and serve in the same capacity as C and Ri, in 
Fig. 14-1. Modulation-frequency potentials are developed across 

‘ TIiu minus sign is omitted unce it has no signiScance. 
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Rg in thn samo manner as across Bi in Fig. 14-1, and these are 
then appliefl to t,)io gnd of the tube jmd amplified in the plate cir- 
cuit Since the r-f potentials are also applied to the grid, u by- 
pass condenser must be supplied in the plate circuit as shown to 
climinati; r-f cuirenta from the output resistance. 

The circuit is not widely used beciuise, os may be seen from the 
curves of Fig 14-10, a sharply curving current eljuruotcristio is 
essential if a large rectified component of current to to be flevelopeti 
in the diode eucuit (i.e , the gnd circuit), and the grid-current 
ciirvcR of Fig 3-33 show that tlie greatest cur\'ature is oblainable 
with zero plate voltage On the other band, for maximum gain 
and minimum distortion in the amplification of the resulting 
modulation voltage across It,, the plato voltage should be reason- 
alily high, ui diruct ciinllict with the requireiueiits for laaxinxum 



Fro 14-11 Circuit of a type ot ttioJs ^eteulur 


detecting cHlcioncy in the diode (or grid) circuit- A better pro- 
ecdurc is to provide a diode detector and a tnode for better, a 
pentode) amplifier with separate tubes (although they may be 
contained in the sumc envelope) using the diode ciicnit of Fig. 14-1 
followed by u conventional a-f or video amplifier. 

Heterodyne Detection. From the discussion of a preceding sec- 
tion it 13 evident that if two radio frequeuoius, u/2tr and q/2T, 
are simultaneously applied to the input of a square-law detector, 
the output will contain one term of frequency (« — q)/2-K = 

Tf this frequency is very much less than these of tlie original applied 
signals, the output circuit may he designed to reject all but this 
differeuRi! frequency. Sneh a device to known as a IxtUroixjne or 
hnal detector. 

A simple circuit of a heterodyne detector is shown in Fig. 14-12, 
using a triode tube One uf the two original signals is indic.ated 
as the incoming wave and, in a radio receiver for example, is the 
Iflignal coming in on the antenna. aiupIiGed and tlien delivered tc 
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the heteroebme clcheot.or. The second signal is supplied lonally 
by a vacuum-tube oseillator. Tile difference fregueuey is assumed 
to be low enough to bo audible, and the condenser in the output of 
the detector by-passee all r-f components of the plate^ current, j 
leaving 07ily tlie difference frequraxoy, its harmonics due to anj' dis- 



tortion present, and the direct component (which, is rejected by the 
condenser in series with the output Icrminal). 

The circuit of Fig. H-i2lMU5Uvrt principal applications: (1) tiho 
reception of unmodulated (continuous-wave) signals and (2) tho 
aaperhetoroclyne receiver. Coutimioua-wave signals consist of U' 
steady oai'i'iei- wave keyed at stated intervals in accord wi<.li a code, 

nil — lillf — lir‘- . 


Vir. 14-13. Grid voltage and plate current in a triocic detorlor 'vlion reooiv- 
ing r.idiotclegiapli Kigiials (lUj betcrodyno). 

usually the International Morse. If such signals, are impressed 
on a conventional detector, the only result is an increase in the 
direct component of curreut during tlie time that one, of the sign-als 
is being received. Figure 14-13 shows in the upj>Rr cvjrve the tj'ije 
of signal leceived and applied to the grid of tlie tube. The lower 
ciii've 8ho\\'s the plate current flowing in the plate circuit of the 
detector of Fig, 14-3. If tlie platc-lood resistance happens to be 
a pair of telephone re.<»ivcr8, the only effect will be to pull the 
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diaphragm do^vn close to the pole pieces dvirtng the interval that 
the signal is impressed, giving a sligiit click. The addition of a 
local oscillator, hon-ever, as in Fig. 14-12, njll provide an audible 
tone of any frequency desired in the lieadphoiios, tlie frwjuency 
being the difference between tliat of the incoming vave and that 




FiQ 54-11. Wave shapes m a tiete’odjue delcctor circuit 


of the local o'^cillator, the latter umially being under the control o! 
the operator. 

The amplitude of the bcat-frrquency signal in a square-law 
detector is proportional to the product of the amplitude of the two 
impressed signals, as shown tlie (« — q) term of Eq (12-52) 
The output of the detector truy therefore bo increafied by taising 
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tlie anipUfcudc of the locally generated sgnal, Ei, but if tliis process 
is cavrried too far, the detector Nvill change from square-law to 
linear operation, whence the amplitude relationships will be somc- 
^rhat different. 

The amplitude relatioiiships'm a linear detector may be seen by 
means of Fig. 14-14. Tlie waves of (a) and (5) represent (he two 
impressed signals /i’j and Et while (c) rcpvesenis their sum when 
the amplitudes of tlic impressed signals are equal. The output 
of a linear defector is proportional to the amplitude of the im- 
pressed ^\■a^’C and is therefore proportional to the dotted envelope. 
A linear detector -will, tljorefore, Jiot produce a pui'c sine-wave 
output when the two impressed signals are nearly equal in magni- 
tude but will iJi'oduce an output liaviag components of frequency 
2o/2ir, 3u/2ii-, etc., in addition to the desired terra of frequency 
u/2ff, (^ 7 hore a = w — g). If, on the other hand, one of the im- 
jj^ssed waves is much larger in amjditudo than the other, the 
resulting wave will bo as in Fig. 14-14d, and tlie envelope is seen 
to approach a unc wave as the latio of the amplitudes of the two 
impressed waves is increased. 

A. mathematical treatment of the foregoing may he worked but 
with the aid of tlie voltage triangle of Fig. 14-15. Here the incom- 
ing signal is represented by the vector E, revolving countei'clook- 
Musc at an angular velocity w and Uic local sigiml by tlie vector Ej 
revolving at u velocity q. The 
angle between them must then be 
(u — <f)i ae indicated In the figure. 

If wo now imagine ourselves to be 
revolving at an angular velocity pi,-, 14 . 15 , vector- ( 3 iat;ram to illus- 
g, the E'- vector will appear to tratc the porfoimtvnco of a linsar 
sl,nd sai Mid the E, veetm- ..ill d.itcter. 

revolve at a velocity (« — g). Under Uieso cii-numstonces the 
horizontal and vertical components of the vector representing (E, 
+ Ell may be written 

(Ej -t- Ej)i = El Ei cos (u — q)t (14-15) 

(El 4- Ej), = Ei am (« - q)l (14-10) 

The actual magnitude of the (Ei -j- Ej) vector is equal to the 
square root of the sum of tlie squares cX these turn component.^ and 
therefore varies in a aomeivhat complex manner with the amplitude 
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of the ineoming ^vavl^, Iml if Uie ainjilituclo Ei is very uiach largtir 
than Fn, the vertical efwniKmcnt will have negligible eSect anrl 
may use Eq. (14-15) to represent the nmplitiule of the resulting 
nave ivith reasonable accuracy. Since the detector output is pro- 
portional to tho amplitniJo cf the impressed wave, the Et term in 
Eq. (14-15), being constant in amplitude, will produce a direct 
compaiient, while tiie second term will produce a sine-wave com- 
ponent of frequency (w — q)/‘iT = t;/2ir in tlic output of the detec- 
tor, with an nirplitudc proportional to Tliii.s a linear detector 
will produce a distortionless output if the local £»ignal is very much 
larger than the incommg signal, but the amplitude of its output 
will be independent of tho .amplitude of tlie local signal, Et. 

Principle of Operation of Superheterodyne Receivers. Tlic 
supGihtilerudyiiu rceover iniikus use of llio iictcrodyoc dutector to 



Fio. 11-16 Schematic illasiration of the venous frequency compoacate 
sppeatiuic in the tuperheterodyae receiver 

change the iueoiiiing eigiial to one of lower frequency which is then 
amplilind in an intcrinciliafe amplifier The principal .advantage 
13 that the intermediate amplifier may be very carefully designed 
and constructed to gi%'e high efficiency in the one frequency band 
that it IS to amplify, whereas the orduiaiy tuned-radio-frequeacy 
(t-r-f) amplifier must be constructed with variable tuning con- 
densers so that it may be toned to any desired signal throughout 
a wide rango of frequencies. Obviously such an arrangement is 
much les.s efficient awl less selective. Virtually all modem re- 
ceivers are of the superlieterodyne type. 

Figure 14-lG shows a schematic diagram of a superheterodyne 
receiver. An incoming modulated signal of 1000 kc and an inter- 
mediate frequency of 465 ko aio assumed. Tlie local oscillator 
frequency must then difTcr from 1000 by 465 kc, s'v \fc may operate 
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all eitlier I4G5 or 535 kc, preferably llie former. The intermediate 
amplifier is sharply tuned to 465 kc and will -therefore reject all 
other coniponents. It is commonly of a band-pas.s type (see 
page 388) to amplify all eemponcuts of liic two side bauds equally. 

Any modulation carried by the mcoming signal is also carried 
b 3 '’ die i-f' signal without distortion if tlie fiisl detector is li'iilj’ 
square-law, or if it is iinear and tbe local osciUatoi- produces a 
signal that is much larger timn the incoming signal. Por square- 
law operation tile (u— 9 ) term of Eq. (V2-52} shows tliat the detector 
output is directly prnporf.ional to fh, the amplitude of 1 ;he incoming 
signal. If this signal isamplitiido-moduiatecl, the effect is as though 
El vai'ied according to the modulation, and therefore the output 



of the detector also varies in the same ittanner. Equation (14-15) 
indicates that a linear detector unth a sti'ong local oscillator will 
perform similarly. The second detector of a superheterodyne 
receiver is noimally a lin<«ir detector which recovers the original 
modulating signal in the usual manner. 

It is of interest to note that componmts at the modulating fre- 
quency appear in the plate cuiTcnt of tire Cret detector as u'cll as 
in the second but, since they are not desired at that point, the out- 
put circuit of the firat detector is designed to reject them along 
with the uiidesircd r-f components. 

Pentagrid Converter Tubes in Superheterodyne Receivers. In 
early superheterod^'ne receivers the eireuit used for hefcerodj'niug 
the incoming signal was exactly tliat oS IHg. 14-12, except that the 
’“I-E” is the comnioBly used abbreviation for “intermediate-frequency.” 
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output cirnnit consUlert of a tuned circtut iraonant to the inter 
mediate frequency, iusicad of the rcsistaoco shown in the figure. 
I^ater, mixer t ubes Averu develt^xsd nhich gayo buperior prr- 
yjorma nce i ■■ 

A commonly uswl tj^je of mixer tube is the pentagnd converter, 
described briefly on page 8S. A typieal oirciiit using this tube is 
shown in Fig. 14-17 where the twn inner grid.s are used a.s grid and 
plate of an oscillator, while the otticr grids anil the plate serve 
as a screen-grid defcc.tor for demodulating the combined output 
of the input .signal and the local oscillator. The scirien grid, to- 
gether with proper design of e.Tterral circuits, eliminates coupling 
between the local oscillator «nd the rest of the circuit, cveept that 
tvuy clectton flow to the plate oC the detcctoi unit must flow througii 
the inner grids and so necessarily pulsates at the frequency of the 
local oscillator. This type of coupling is knowm as eUctron cou-pling 
111 that the only connectioo between the two circuits is through the 
unidicectional okction btieam. 

Thu modulated input is supplied to grid 4 through the air-clad, 
tiiiiud Irunsfurnier T\, grid 4 beuig biased for deLcclur uctiuu by 
the drop through A'l (by-passed for radio Jrequency by t'l) Tin* 
local uscillaliviis are gcueralcd by grids 1 and 2 and the usuillulmg 
circuit Tt and 6% Rt nud C« arc lltc leak and uoiideiibcr pruvniing 
grid bias fur this osdilutor /<) drops the direct vultogo to a safe 
value for gnd 3, condenser C^ by-pns.sing the inilio fTcqurincy t.o 
ground. Ri. and (\ pnrform the eiune function for grifi 2. The 
dcmodiilntfid output is suppliwl to tmnsforincr Tj which is tuned 
to the intomodiatf’, or difTercncc, frequency, rejecting all other 
components. 

Pentagrld Miner Tubes in Superheterodyne Receivers. The 
principal objection to tlie pentagrid converter is that the electron 
stream, pulsating at the fietpiency of the local oscillations, will 
cause current to flow not only m tlw plate circuit but also in the 
cortrol-gncl circuit (grid 4). This becomes increasingly serious 
as the frequency is increased and the difference between the fre- 
quencies of the incoming and local signals decreases. The use of 
a pentagrid mixer tube (tlesoribed briefly on page 88) ui the cir- 
cuit of Fig. 14-18 J.argely eliminates tliese troubles.* The control 

’ Si't utso C r. XessisKe, W. Herold, and tV A, Harris, A New Tube 
for Use in Superhctcrod>nc rwquency Conversion Systems, Proc. IRE, 21, 
p 20T, February, 



Ckap, M] 


PENTAGBID MIXER TUBES 


585 


grid in this tulie is the inner one Gi; the local oscillations, gen- 
(ji-atecl by a separate t«bo, are applied to the third grid. Thus the 
local oscillator cannot affect the centred grid; and although the 
input signal can react on the local oscillator through grid 3, this 
is of no importance, as the signal strcngldi of the oscillator is nor- 



oxMoh. 

Fjn. U-38. Circuit of a Ixitorodyno dolcclor using a pentegrid mixer lube. 


mully many times that of the incoming signal. Grid 1 is of 
variablc-M construction, nn<l ils bins is varied when automatic 
volume control is used (see page 587). Grid 3 acts essentially in 
tiio same manner us the S(ipi)rcssor grid of a aut^pressor-modulated 
pentode (Fig. 33-15) and thus produces a diffeioiico frequency due 
to modulation of Uie electron stream. 



Fio. 14-10, Cross section of tiio 6KS type of coiivorlor tuba. 

Another solution to the problem of eliminating the interaction 
between local oscillator and input circuit is the triode-bexode 
design, sliown in cross .section in Pig. 14-19. The oscillator anode 
is mounted on one side of a flat cathode, uiid tiro output anode and 
control grid are mounted on the other side. The sliield shown is 
grounded internally to the metal envcl<^ of the tube and serves 
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iig a suppjcs'iar grid ns well as teudiiig to form electron brams. 
The oscillator grirl is rpcq to siirruimd the ruitliode completely and 
therefore mcxlulates the electron Ktrcam to the ojitpiit anode, yet 
the field of the oscillator anode does not affect the control grid 
oiMiig to the arrangements of shields. 

The iierformaiice of both penta^dd. convetters and peatagcid 
miverg may be expressed Jii lerms of lire aj«2xTS!0« Iranscnridnr.t- 
tinca of the tube Conveision tianscondiictance is dcfiaotl in the 
Standards Report cf IRK «s 

. . the quotient of the magnitude of a single beat frequency component 
(Ji + fi> or if, — ft) of the output-electiode current by tlie magnitude of 
the r'fintrol-clnetrcde voltnee of frrttu®toy/i*uo-der the condatioos that ell 
eleutrude \olUtges and Iho maguiliido of the oleclrudo alternating volt- 
age/] lemam constant end that no impedances at the frequencies /i or/i 
are preent in the output circuit As most precisdy used, the term refers 
to an ]niini(c<imal magnltudo of the voltage of frequency /i 

The pettomaance of these tubes may therefore be predicted from 
Eq (10-13) (page 3S8) by replacing by the conversion trans* 
conductance 

Autodyne, or Oscillating Detector. Lt is quito pwuible tu uum- 
bine the detector and oscillutur u( Fig H-12 m u single unit, us 



Fio^l4-W Circuit of rtn notodync detector. The same circuit may also he 

in Fig. 11-20. A itel.Ier ccnl T is added in the plate circuit of the 
detector tn feed a small amoant of cuergj' from tho plate circuit 
back into the input circuit The amount of coupling between 
this ticlder and the tuning inductiincc must be adjusted until 
oscillations are set up, llie frequency being determined by the 
constants of the input circuit.* This circuit can be detuned slightly 
from the incoming signal without materially reducing the receiver 
' It Rhniild Vie evirlenttliaf- any circuit tiiut aill produce o«L-illutions could 
be used here, the urv* slicua hemic nnuile and easily controlled 
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response, until the chffcreaice is a suitable audio frequency, say 
1000 cycles. If the incoming signal is of frequency (U)/27r, the 
tube will be tuned to and wiU oscillate at a frequency of w/27r ± 
1000, and yet the iinjjctlajice of the tuned eii-cuii. will be sufficiently 
high at a frequency of w/2ir to a good itssponec to the incoming 
signal. This arrangement is not satisfactory for a superhetero- 
dyne, where the diffci'cncc frequency is so great as to inquire an 
impossible amount of detuning, but it is eminently satisfactory 
for tlie reception of undamped, radio-telegiaph signals. 

Regenerative Detectors. If Iho tickler coil in Fig. 14-20 is ad- 
justed to a point where the tube will almost, but not quite, oscillate, 
any incoming signal will be greatly increased in magnitude over 
v'liab it would liave been without tlic tickler connection. This 
action is known aa regsHeraiion and is duo to feeding back sufficient 
ouBi'gy from the plate circuit to supply a ■portion of tlio losses in 
the input circuit. Tlio incoming signal need then supply only 
the small i-cmaining losses, which it will do with an increase in 
amplitude, the net effect lining to decrease the effective resistance 
of the input circuit, 

If the coupling of the tickler coil is inci-ciwed to tlie point of 
oscillation, oil the losses arc supplied by the plate circuit through. 
tl:c tickicr couiiecblori, aud the incoming signal loses full control 
of the current flowing in the tuned circuit, lleccption of radio- 
telephone signals under these conrlilions will lesult in a jumble of 
sound instead of intelligible speech or music, but a reduction of 
the feedback to a point just below that required for oscillation will 
again permit the radiotelephone si^ials to be clearly heard. 

This regener.ati\'e feature is one that has pro\'ed quite valuable 
iu the ojicvation of small receivers, where a very large increase in 
seusitivlty may lie obUainetl bj' tl»c addition of a tiddler coil or 
other means of producing r^encration. It is rather critical in 
adjustment, however, anti is therefore seldom used in broadcast 
or other receivers Lliat are to be operated by untrained liands. In 
such services the necessary gain is supplied by additional stages 
of amplification. 

Automatic Volume Control. Most modem receivers are equipped 
with automatic volume control to maintain the output to the 
ioud-spoaker essentially constant regardless of the amplitude of 
the r-f signal iniprossed rai the input to the receiver from the 
antenna. Tiiis automatic action is generally semired by \'arying 
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large condenser. The final filler (7^, Ct) eliminates the direct 
component, allowing only the a-f components to appear across Rt, 
which supplies voltage to the first a-f amplifier. The s-esistance 
Ri is commonly in the forni of a potentiometer to provide a means 
of regulating the level of the output signal at the will of the listener. 

Circuits of this type may cause clipping of the signal wave due 
to the difference in tlie impedance offered by the output circuit to 
tlie a-f and direct components.* The reason for this may bo seen 
by recalling that the current flowing through a diode is zero ^vlicn 
no signal is impressed and that tlie amplitude of a iOO per cent' 
modulated wave drops to zero at each negative ciest of the moduli^ 
tion cycle. Thus the output current, after the radio frequency 
has been filtered out, will be us shorni in Fig. 14-22® when the 
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Fro. 14>23. Typo of distortion which may lake place whea the same tube is 
called upon to supply both automatic- volume-control bias and audio output. 


same load impedance is presented to both the direct and the 
modulating frequency components. \Fitli automatic-volumo- 
control circuits tlie impedance to the direct component may bo 
higher thsm that presented to the a*f component, resulting in a 
reduced direct current. This is equivalent to lowering the average 
(dotted) line in Fig. l4-22a which would require current flow 
through the diode in a n^ath'e direction during a small part of 
the cycle if the a-f wave is not to be distorted. Since this is im- 
possible, the actual output current wilt appear as in Fig. 14-22i>, 
with consequent distortion. 

This action may be more fully studied with the aid of the curves 
of Figs. 14-4 and Letuefirstsimplify the circuit of Fig. 14-21 
to that of Fig. 14-23 where fi, represents the actual resistance of 
tlie output circuit of Fig. 14-21 to the diwict onmponont and Rl 
is the resistance of the a-f oul^t circuit, the condensers being 

' Soe Harold A. Wheeler, Design Fommlos for Diode Detectors, Ptoc 
fffi£.26,p. 745, Juue,193S. 



FiQ 14«23. 6iibp1i6«ii circuit of Tig. ]4'31, 



Fro. 14-24. Load lines for tbe circmt of Fig 14-23 to illustrate how the 
(listortiOD of Fig 14-32 in generated. 

of audio ampliSors on pnge 323, wlien the substUutiuos of Table 
14-1, page 570, are made. 

Wlien iiKxJulatiou ns applied to the imprrs.'tcd carrier, the rffect 
is tlic -same as thougli the amplitude of the carrier was varied, and 
it might at first bfl thought that the performance of the circuit 
would be indicated by moring ap and down the liv load line as 
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the amplitude of the impressed agnal varies. But the impedance 
presented to a-c variations in' the plate current is lower than that 
presjentcd to the direct compement, bcii^ equal to the resistance 
or Rl and Rv in parallel, and therefore tl»e dynamic performance 
is found by foUorving the curve marked R,Rl/ (ff l- + Ri.)- 'Bhis 
cuive, it may be seen, reaches zero before . the r-f amplitude 
lias fallen to zero.* Thus a 100 per emit modulated wave would 
have an r-f amplitude varyii^ from zero to 8 volts crest, but the 
plate current would bo zero for all values of impressed v-f voltages 
less than about 1.9 volts ciest, producing the output wave of Fig. 
14r225. If die circuit of Fig. 14-1 had been used, the dynamic and 
static load lines would have been tlie same and the output would 
have appeared as ia Fig. 14-22a. 

Distortion due to this cause will not bo present if the modulation 
is sufficiently less than 100 per cent, since the peaks of the n-f 
component ivill (hoa be less than the direct component and the 
total current of Fig. 14-221* will never drop to zero nt luiy point in 
the cycle. Normally the modulatiou of an iiieoming wave is con- 
stantly varying, and this distortion will therefore be present only 
during those intervals when modulation exceeds the critical value. 
Ihirthermoro the input impedauce to the detector is affected by 
the output impedance in such a manner that tlie impedance to the 
side bonds, in the circuit of Figs. 14-21 and 14-23, is somewhat less 
than that presented to tlm carrier. Thus the internal drop in tho 
circuit driving the dutector is greater for the side bands than for 
tiic carrier, reducing by a small amount the per cent modulation of 
the signal applied to tho detector. This effect appreciably re- 
duces the distortion that would otherwise be present. 

Vacuunwtube ypltmeter. The direct component of plate cur- 
rent in a detector of an^ 3 T)e lias been shown to he a function of the 
amplitude of the applied potential; therefore, any detector may 
be used as a voltmeter by insertiug a suitable d-c ammeter in the 
plate circuit. A common method is to use the triode circuit of 
Fig- 14-3 but with a series craidenser added in the input to prevent 
a change in bias by any direct compooent present in the potential 
to he measured, as Oi in Kg. 14-25. The resistance R in this figure 

' Some error is involved in this method if the curves of Fir. 14-4 aro kuC- 
fiuioiitly nonlinear to produce an appreciable change in the d-c noraponent 
ns tho modulation is applied nr removed. See footnote on page 337 which 
refers to the sanin phenomenon in class A ampllGcrs. 
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13 provided to complete the grid drewit for direct curieul, and slumM 
he high (teveral megohma) asa pn&eipal advantage of the vacuum- 
tube voltmeter is that it inny bo built with a very high input 
impedance and thus draw ne^i^blc pinvcr from tlie circuit under 
measurement. The condenser C# should be large enovtgh to by- 
pass fifimpiincnts of the luvvest frwiiienciy to bo expected. 



Fin 14-3S Sitriple type of vacuum-teV voltmeter. 


Maximum Bimmtivity is obtained by biasing the tube tn n point 
near cutoff so that the plate curnmt without impressed signal is 
only a few microanificres Fur llie meusurement of very eniull 
voitngti«, the sensitivity may bo increased by Imlaiioing out this 
sioall zero-signal current, permittinganeveu more sensitive micro- 
ammeter to be used. Only the dutngti lu plate current due to the 



I'lG. 14-Vt3 Circuit ol a sUde-bach racuum-tuhe peak voUmster. 

impressed signal will then bo read on tiie meter. A simple way of 
doing this is shown by the daiihHcl lines in Fig 14-25 where the 
potentiomefor i.s adjusted until the micrournmeter re.rdii zero u ith 
no voltage applied at tlie input to the voltmeter. In actual prac- 
tice this may be accomplisbed by a Bort of bridge ciniuit, thus 
eliminating the need for an arlditiooftl battery-* 

‘ As an e<aiiiple, see !•' B. 'Itinnan, “Rstlio BngiiieerB' Haudbuok,” 
p. 931, McOrniv Hill Book Company, Jnc , New Vork, 1943 
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• Another type of vacuum-tube voltmeter usds a bias-type de- 
tector with adjustable bias (Kg- 14-26), The bias Et is first 
adjusted to a, Fig. J4-27o, to give only a few microamperes of 
plate current 'vlieo tiicre is no alteniatmg voltage applied. The 
bias . is then increased appreciably, tiie potential to be measured 


(o) 

7ie. M-27. Itiuitrating Die perlornnnce of Die'voltmetcr of Fig. 14-S6. 

is applied to the grid, and the bias is readjusted to h, Fig, 14-276, 
to gi^'c the original direct plate current. It should be evident 
from this figure that if the direct plate current is made almost sero, 
the potential' difference between a and 6 is very nearly equal to 
the peal? value of the impressed einf. The reading of the volt- 



Fig. 14-28. Modi6cation of the larcuitotrig. 14-1 to increase ite usefulness 
as a voltmeter. 

meter is obtained by taking the difference between the two volt- 
meter readings; thei'efore, the instrument is essentially a peak 
voltmeter. 

The diode circuit of Fig. 14-1 may also be used as a vacuum- 
tube voltmeter by inserting a microammeter in series with Rc, 
but it has a disadvantage over the tiiode in that it must, draw 



f*-- Ec— 

(W 
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poiver from the e'ftcmal circuit Eulficicrifc to cn)c!r(itc the meter 
Olid supply the losses 10 the tube and fft- By using a very senai- 
tive micron, mineter the resistance of Hi, may be made very large 
so that the input impedante is uuuiy Limes higher than that of 
conventional-typc voltmeters. 

Aiiutlier Alisadvantage of the circuit of Fig. 14-1 as a voltmeter 
is that the circuit imdor inea.sun;meiit must preBOiit a corititiiious 
path for the direct component of plate current through the diode 
This may be avoided by using the modified circuit of Fig. 14-2S 
V here C and Hi sen e f ho Bimn! fuiicCions as in Fig. 11-1. 

The sensitivity of the diode voltmeter maybe increased by ampli- 
fying its output u ith a d-c amplifier as indicated in Fig. 14-29. 
If the uniphfier is supplied with a large amount of negative feed- 
back, it ndll maintain its calibration over long periods of time. 



Pin 14-20. TJae of a d-e amplifier to in«renseth« •enaittvity ef the voltaieter 
ofFis 14.28. 


GEiaractecLstics of Vacuum-tube Voltmeters. The response of 
viicuiioi-tubt! vullinctcrs w not lincw unlh rospeot to the nmplitiuic 
of the impressed potential. If the triode of Fig. 14-25 is biased 
to a point slightly above cutofl, tliis circuit, as ^vell aa tho diode 
circuits 0 / Figs. 1-1-28 urul ld-39, will net squarn-Inw diit.ntjLors 
at very Imv signal inputs, whence the ammeter reading will be 
nearly proportional to the square of the rius value of the t-oltage 
being measured. Ah the iii^iTSi«cd vcdfngr. is incrcnsrii, the re- 
Bponsc ^vlIl he more nearly that of a linear detector and the output 
will be nearly proportional to the peak value of that half of the 
impressed rvaA'e which makes Oie grid (ur anode in the diode) uioie 
positive. This mvima th.it calibration of vacvium-tube voltmeters 
i.g appreciably affected by wave shape. Also vacuum-tube \'olfc- 
meters are subject to “tuniover’'j » e., they may give a different 
reading il the input terminals are intRTchn.ngrri This is because 
on impressed wave which contains even harmonics may have a 
different peak voltage on one half cycle than on the other 
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Tile voltmeter circuits presented here trill have one tenninal 
grounded if tiie dii-cot potentials are supplied by a lectifier, as is 
usually the case. It is important in making measurements that 
the ground lorminal of tJie voltmeter be comieoted to the ground 
terminal of the circuit to be measured. 

2. DEMODULATION OF FREQUENCY-MODULATED WAVES 
Fundaincntatly, demotlulatlon of f-m waves is accomplished by 
first coni'^ei'ting variations in frequency into variations in 


iFrom preceding amph'^r 



P:o, 14-30. DUcrimiaaloi- cirruit used to dcinoilulate f-m sigatvlB, 

amplitude. This is usually done by apjilying tiio f-m wave to 
a vacuum-tube eSrouit known a.s a dheriminator, in \\’h 2 cli the out- 
put voltage is proportional to the variations in impressed fi-e- 
quonoy. 



Fic. 14-31. Discrimin.itor circuit abowins assumed positive directions of 
erafs and currents. 

A typical discriminator dreuit is shown in Fig. 14-30, being an 
adaptation of the autoraatie-frequcucy-contro] circuit once usc<l 
in radio receivers.' A r-f transformer, oouaisting of the two coils 
Li and Z-., tuned by the condenser C^, supplies tlie two anodes of a 
‘ Sro Cliiii'los Travis, Automatic Frequency Control, Ptoc. IRE, 23, 
p. 1125, October, 1935. 
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small doijblfirlioilc. The condensers Ci, C*. and C« have negligible 
reactance at the incoming frequent^ so that the coil Lp is effectively 
in parallel with the jirimary coil Xa for radio frequency while pro- 
viding a return pnth for tlio rectified dircctcurrent. Tlie voltage 
built up aernss the resisLances Ri and Ri contains clirecL and 
modulating comj)or«>ntB only, since the r*f components are by- 
pa.9Red by Ci and C*. TIm; remaining portions of the circuit consist 
ol filters to remove any Iraces of 
currier and to reinovu the direct 
component. 

The performance of the circuit 



of Fig. 14-30 may best be ana- 
iyzed by redrawing the r-f parts 
of (tic circuit ns in Fig. 14-31, 
witurc the plus and minus signs 
onlliecmfsand the arrows for the 
currents folloiv the notution of 
Appendix E. Thu input voltage 
is denoted by £e, and, as pie- 
viously indicated, esseiitiully this 
same voltage also uppcur6ucius« 
Zro, lliu drop through C’l being 
uegligiblc. A voltage Ei is in- 
duced into the seuondaiy'Z.r outof 
phase with Eo by 180 deg and at 
resonance will cause an m-pliase 
current 1, to flow tUrough the 
coil/nand the condenser C%, asin 
the vector diagram of Fig 14- 
32a (wlicre the niuguitiKlc of Ei 
hasbeuficxaggerated). Thisciir- 
rent flowing through the coil L? 
willproduceurcuclunce drop that 
is out di piiuise with tliu cunetil 
by virtually 90 deg. In a suitable larcuit the resistance is so ion 
(Q so high) that this voltage is many times the induced einf. Ej, 
therefore, the voltage Ei across the coil may be considered as being 
equal to the reactance drop. Since the pusiliv'e direcliou of the 
current 3« was assumed tube from U»e bottom to the top of the coil, 
the voltage opnearing between the bottom terminal and the center 
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tap wiil be Ei/2, whereas that a^jpeariog faetw'een the top terminal 
and tho center tap will be — E,/2. These voltages are indicated 
in Fig. l‘i-31, and the vectors are drawn in Fig. l‘1-32a. 

The voltage applied to each diode is evidently the sum of .the 
voltages across the coil i.« and aci-oss the appropriate half of the 
coil Li. Therefore, letting E^i and E« be the voltages between 
die anodes and the catirodo of l±io tube, 

E« = E. + (14-17) 

E., - E. -)- 5; (14-18) 

u’herc tiie addition must be carried out vcetoriaHy us in Fig. 14.-Z2a. 
It is evident from tlie figure that the magnUu^$ of the voltages 
Erfi and E^j are equal, and theroFore the itsctificd current (which 
contains tho original modulation) is the same in both anodes. 
The net voltage sot up across tlie t\ro resistances Ri and Ri under 
those conditions is zero, resulting in zere output to the load. 

As tho frequency varies with the modulation, tlie voltages ap- 
plied to the two tubes become unetjual, us indicated in Fig. 14-82li 
for a frequency higher than Ure resonant fi'cqucnoy of the tuned 
circuit of Fig. 14-30. At this frequency the tuned circuit presents 
an inductive reactance causing tlie current It to log E; and shifting 
the vectors Ei/2 and — E,/2 as shown. As a result, the voltage 
impressed on anode 1 is greater tliuu that on anode 2, end tlie 
greater rectified current noiv flotving through anode 1 causes a net 
voltage to appear across Aj and It* which is positive toward A. 

At a frequency below resonance, conditions arc aa shown in 
Fig. 14-32c, with anode 2 receiving the higher voltage, and the net 
output voltage across the reristances Rz and Rt being po.sitive 
toward B. 

The voltage appearing across these two lesislances may be 
plotted against iinpi'cssed frequency, giving a curve siioli as Fig. 
14-33. With proper design this curve is very straight over a wide 
range of frequency variatiem, giving linear demodulation. It is 
essential tliat the straight purtim of this curve extend over a fre- 
quency liii.nd at least equal to the bmid mdlh of the incoming f-m 
signal. 

Amplitude Limiter. Frequency-modulation receivers must also 
be equipped with a limiter tube to eliminate, any variations in 
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amplitude before tlie signal is applied to the detector. This is 
especially important, oa sorrh variations are largely due to noise 
and other interference, since the originally transmitted f-m sismal 
IS constant in amplitnde A typical circuit is hhown in Fig. J4-34, 
ivliere the output coil La is tbe same coil Li shomi in the circuit of 
Fig. 14-30 ; t c„ Uie limiter tube is usually placed just ahead of tlio 
diicriDiiaator. The limiter tube is 
operated with a grid-leak bia'i and 
with rfttlier low plate and ecrccn- 
grid voltages, obtained by insert- 
ing tlie lesistanco Kj Thus gnd 
current Umvs as soon an signal is 
applied and produces a bias that m- 
crense.s with the magnituile of the 
applied signal. Tlie increasing 
bios decreases the gain cf tlie tube 
and so Tnamtains a nearly constant 
output voltage lor any signal in excess of a given minimum The 
amplitude distortion introduced is not objectioDObUi, since the cle> 
tcctor responds to variations in frequency only. 

3. DEMODUtATIOM OF POLSE-MO»UlATBI> 'WAVES 
Demudulatiun of pittae-width and pulsc-amplitudo moduLated 
ivuves (Fig. 13-33e and d) offers no problem since the average 



Fio 11-34 Liniitcr tube for use Kith a f-m receiver. 

value of these naves, averogwl over tlie pulso-repotition cycle, is 
proportional to the amplitude of the oii^loal taodulating sigoal. 
Thus an a-m detector, U^Uicr snth a filter havmg a cutoff fre- 
quency slightly below tlie pulsc-ietietitiun frequency, is 
satisfactory. 

Pulso-time inodulatiim requires u somewhat mon! elaborule eys- 
Icm, One method is to superimpose the incoming pulse on a saw- 
tooth Miis'e from a multivibrator, triggpnng the multivibrator by 


37 ^ 


Kc off torrter 


Fio 14 S3 Voltage acroaa 
points A and O, T\g ]4-30, as 
afunuliunof the changes luim- 
piesaad fiequency. 
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tlie mai'lccr pulse to l;eep it in step mth the zero-moclulatioii posi- 
tion of the pulse. Tiiis Avill produce an output \mve much as in 
Fig. ld-35, wiiere the dashed lines indicate fclie zero-modulation 
position of the pulses and tiie multnvibrAtor output is indicated 
by the saw-tooth \vave.s. The incoming pulses arc shomi super- 
imposed on the multivibrator output and produce what is effec- 
tively a pulec-amplitude type of modulation which may he readily 
demodulated. 






With multiplex operation the cycldphon (Fig. 13-34) ma 3 ' be 
used both to separate the cliannels at the recei^'iog end and to 
produce demalulation. The rotation of the electron, beam is 
synchronized with that of the sending-end 
oyclophon by means of marker pulses 
which have a different shape from the 
pulses that carry the modulation. The 
tube is noimdly biased to cutoff, hut 
wlien a pulse is received, the control grid 
is made less negative and beam current 
flows, passing thi-ough the pi-oper aper- 
ture. Since the position of the pulse 
lias been shifted from its zero-signal 
position by the modulation, cmly a certain 
part of the electron beam will para through 
the aperture as indicated in Fig. 14-3G. 

In this figure one of iJie apertures of the 
cyclophon is indicated by the larger rec- 
tangles, and tlie position of the electron 
beam, as released by reception of a pulse, 
is indicated by the smaller, shaded rec- 
tangles. Figure 14-3Gcsliowsthepoatioa 
of the beam relative to the aperture at 
zeromodulation; a and ediow the positions 
for maximum positive and native modulation, rospectwely; and 5 
and d represent intermediate positions. Only electrons in (.hat 


Fro, 14-30. Illustrating 
the ocmvevsinn of pulse- 
time modulation to pulse 
width modulation by 
nicftiia of tlic cyclophon 
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part of the beam whieh is over the operture can reach the target 
and so produce a signal in the output amplifier. From this figure 
it iS evident that the cyelc^hon tube converts pulse-time modula- 
tion Lo pulse-width modulation after which recovery of the original 
modulating signal is easy, using conventional circuits 

Pulse modiilaticn liaS thus far found its principal applications 
in commercial installafjona where both transmitter and receiver 
are under the control of trained personnel. The details of forming 
the pulses, cf synchroniwng transmitter and receiver, and of other 
necessary circuit components cannot 136 covered here and the 
reader is refericd to Uio technical literature.' 

PROBLEMS 

14-1. The tube to which the characteristic curves of Fig. 14-1 apply is 
to be. operated ns r peslt linear rteteeior m the etrcnil of Fig. 14-1 The 
inooiiiiug modulated v/sve is niveo by Kii (13-3) iu which B'c.. « -1 volts, 
nt 1 0, end q/2it represcute a single insulating frequency. Dctcrmlnr 
the nasoHude of the cniput voltage nt tbc moduIntinK fretiueney across a 
luad reuslaiice oi 3SU,000 ohnis. and delcnQiuu the percentage of second 
hanaoBio 

14-2. A ttinde with eh.-vmetenstirs ns given an Figs 3.1& and S'lO is 
used us a squure-law democlulator A'l » OO volts, Et ~ —5 volts, fun = 
0 8 vtiU, u ■■ 13 8 It Rl “ 100,000 ohnn ot audio froqneneins nnrl spro at. 
the earner and higher frequeocies. solve (or the rms a>i output voltage at 
liie iuiuiumuntal audio niudulntivu (iviiuency uod the percentaRC of second 
harmonic for (a) in — 1.0, (6) m — 0 5, (e) m 0 I. 

HINT Orophteally solve for rp and r", from Kn S-15 or 3-10 
14 3. A carriei- ftequeacy of 1200 ke is aiinditudu-muduluted by u eignal 
of 800 cycica/scc. If this modulated wave la imprensed on a truly nqiiarr- 
l.w detector, (n) componeots of whst frequency are to be found in the plate 
cunent of tlie doLeclor? ((■) VVfaicb of these components will produce an 
output voltage m the usual detector output r.ircuiti' 

' For furtlier details, sco D. D Grieg sad A W. Lnvme, Pulse tirns- 
modulated Mulliplex Hadin Rel.ny System — Terminal Equipment, Elec. 
Coynmnn . 23, pp l£pt>-178. June. 1M6, D I> Gn^. J. J. Dlaulier, and S 
Moskoviitz, Tlia Cycluiiboo A Alultipurpose Electronic CommntatorTubc, 
Frnr.. IRE, 35, pp. 1251-1257, November, 1W7 
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DEFINITIONS AND NOMENCLATURE 

In Older to simplify the diseusstoa of vacuum-tube engineering 
and practice a number rf tenns and phrases have come into 
common usage. The student should be thoroughly familiar witli 
these in ovdei- to expedite his work. A list of tlie more commonly 
used terms and phrases, togetiier with their definitions, is given 
below. Many of these w'ere taken from the Standards Eeimrt 
of 1EE„ 

A Power Supply. An A power supply is a power-supply device 
tliat provides power for heating the cathode of a vacuum tube. 

Amplification Factor. Amplification factor is the ratio of the 
ch ange in nla Le voltage to a cliange in control-electr ode ^’dtage 
under the conditions Utat the plate current remains unchanf^ 
and that all other electrode voltages are maintained constant. 
It is H measure of tho effectiveness of the control-electrode voltage 
relative to that of the plate voltage upon the plate current. The 
sense is usually taken as positive when the voltages are changed 
in opposite cliroctioas. As most precisely used, the toim refers 
to infinitesimal changes as indicate by Eq. (3-24a). Amplifica- 
tion factor is a special case of p factor. (See pages 57 and 07.) 

Anode. An anode is an electrode to which a principal elootron 
stream flows. 

Audio Frequency. An audio frequency is a frequency corre- 
Siionding to a normally audible wave. The range is roughly from 
20 to 15,000 cycles/sec. 

B Power Supply. A B power supply is a d-c power-supply de- 
vice coiuiected in tlie plate circuit of a vacuum tube. 

Blocking (or Stopping) Condenser. A blocking condenser is a 
condenser used to introduce a comparatively high impedance in 
some lirancli of a circuit for the purpose of limiting the flow of 
1-f alternating or direct current without materially affecting the 
flow of Ii-f altoraatiiig current. 

By-pass Condenser. A by-pass ccmdcnscr is a condenser used 
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to provitle aa a-c path of comi»arati\’ely low impedaoco around 
fsome clTC^^^t clcmnnt. 

C Power Supply. A C power supply is a d-c po\k-or-siippl3' 
device connected in the circuit betweca the cathode and grid of a 
v.'iRiiuin tube .su as to supply n grid bias 

Gamer. Cartier is a term broadly used to designate carrier 
wave, carrier current, or carrier voltage. 

Carrier Wave. In. .a frcquency-atahilized system, the carrier 
nave is the sinu^ioidal cumpuuviit of llts useful purl of a modulated 
wa%’o. who'c fretiuency is independent of the morliilating n-avc*. 
(See also pages 510 and 503.) 

Cathode. A cathode is the electrode that is the primary source 
of an «lt-(itron stream. 

Choke Coll. A choke coil is an inductor inserted in a circuit 
to offer relatively loxge impedance to aUerD.Ating currents. 

Class A Amplider.' A class A ainjilirier in an amplifier in which 
lliD grid bins and alternating grid voltage nrc such that pinto 
current in a specific tube flows at all times. 

Class AB Amplifier.' A class AB amplifier is an amplifier in 
which the grid bias and alternating grid voltogoj^ urn such that 
plate current in a specific tube flows for appreciably more than 
Jinlf but loss than the entire electrical c>*cle. 

Class B Amplifier.' A class B ampliiler is un tiiiipliner in which 
tho grid bins in ftpproximntcly ccruni to the cutoff value so that the. 
jilatG current is approximately zero when no exciting grid voltage 
is applied and so that pl.ate currcDl in a specific tube flows for 
approximately one-liiilf of cyde when nn nlitTmatiug 

voKngc is applied. 

Class C Amplifier.' A class C amplifier is an amplifier in which 
the grid bias is appreciably grentcr than tho cutoff value bo tliat 
the plate current in c.nch tnbe is zero when no fvlte.Tnn,ling grid 
voltnge is fippliod and so that plate current in a specific tube flows 
for appreciably le.ss than one-half of each cycle when an alternat- 
ing grid voltage is applied. 

Control Electrode. A control electrode is an electrode upon 
which n volt.age i« impressed to vary the current flowing between 

‘ To denote that god current Joes not flmv durius any part of the 'mpul 
cycle, the subscript 1 may be added to the letter or letters of the cls.^s 
identification, ns Aj. The subscript 2 may be usieJ to denote that grid 
current flo\<e during ji.art of Ihe cycle. 
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two or more other electrodes. -It is '01031 commonly in the form 
of a grid. 

. Control Grid. A control pid is a grid, ordinarily placed be- 
tween the cathode and an anode, for use as a control electrode. 

Control-grid-plate Transcondnctance. Coutrol-grid-plate tran.s- 
conductjuice is the name for the plate-curreiit-to-control-giid- 
voltage transconduetance. This is ordinarily the most im]>oi’taiit 
tvansconductance and is commonly knowni as the viniual cmi- 
dMciance. (See pages 61 and 67v) 

Conversion Transcondnctance. Conversion transconduetance 
is the quotient of tho magniUide of a single-lieat frequency com- 
ponent (/i -i- /j) or (fi — /s) of the output-electrode current by the 
magnitude of the control-electrode voltage of frequency /i, under 
tho oouditiona that all direct electrode voltages and the magnitude 
of the electrode alternating voll.age i-eraain constant and that 
no impedanoos at tho frequencies /i or /, are present in tho output 
circuit. As most precisely used, the term refers to an infinitesimal 
magnitude of the voltage of fi-equency /». (See page 58fi.) 

CutoS Grid Voltage. Tlio cutoff grid voltage is that voltage 
which, when applied to tho grid, le just sufficient to reduce the 
plate current to zero. It is a function of the plate voltage. 

Diode. A diode is a two-elcctrodc vacuum tube containing an 
anodo and a catliodo. ' 

Excitation Voltage. The excitation voltage is the alternating 
vriltn.gc applied to the input circuit of a tube. . 

Filament. A fUament is a cathode of n thermionic tubcj usu- 
ally in the form of a wire or ribbon, to wluch heat may .be supplied 
by p.assing current ihrougli it. 

Fundamental Frequent, A fundamental frequency is the 
lorvest component of a phenomenon where all the original com- 
ponents are present. 

Gas Tube. A ^as tube is a vacuum tube in which the pressure 
of tho conluincd gas or vapor is such as to substantially affect, the 
electrical characterisrics of the tube. 

Grid. A grid is an electrode having one or more openings for 
the passage of electrons or ions. 

Grid Bias. Grid bias is the direct component of grid voltage. 

Harmonic. A harmonic is a component of a periodic phe- 
nomenon having, a froqueuegr iJiat is an integral multiple of the 
fundamental frequency. For example, a component the frequency 
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of which is twice the fundamental frequency is called tlio Bceond 
hariuonio. 

Heater. A heater ia an dectrical heating clement for supplying 
heat to an iniliTcelly heated cathode. 

Heptode. A heptodc is a seven-cleclnHlo vataiuin tube con- 
taining an anode, a cathode, a control electrode, and four addi- 
tional electrodes ordinarily in the nature of grids. 

Hezods. A hoxode ia a ax-cloctrode vacuum tube containing 
an ano<!e, a cathode., a coolrol ulcctrwlu, and three additional 
electrodes ordinarily in the nature of grida. 

High-vacuum Tube. A high-vacuura tube is a vacuum tube 
evacuated to such a degree that its electrical charocteristics are 
essaiitiully unaffected by gaseous iuiiizatiuu. 

Indirectly Heated Cathode. An indinictly Jioiitcd cathode is a 
cathode of a thermionic tube to which heat is supplied by an inde- 
pendent heater element. 

Input Cizcult. The input circuit of a vacuum lube is that cir- 
cuit RSiuciated with the control eloctro<le. 

Kilocycle. A Icilocyclc, when nsed as a unit of freqiionny, is 
1000 cycle3/sc6, 

Megacycle. A megacycle, when used as n unit of frequency, is 
4,000,000 oydes/sec. 

Mercury-vapor Tube. A mercuiy-vapor tube is a gas tube ir 
which the active contained c.is is inercurj’ vapor. The term i.s 
most commcnly applied to a diode, a mercury-vapor triode being 
known as a Ikyratron. 

Modulated Wave. A modulated ivavc ia a wave of which either 
tlie amplitude, frequency, or phn-sc ia vnried in accordant* with 

I'V-Mu Tactoi. Mu factor (or factor) is the ratio of the change m 
feme electrode voltage to the diiuige in uuuther electrode voltage, 
'under the couditioiis that ii Rpciufied current iTinainn iinclmnged 
and that all other electrode voltages are maintained constant. 
It is a measure of tlie relative effect erf tbs voltages on. two electrodes 
upon the current in the circuit of any specified electrode As 
most precisely used, tliu tenn refers to infinitesimal ohaiiges as 
indicated by the defining equation. 




constant 
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Amplification factor is a speraal case of /i factor. 

Multielectrode Tube. A miiltielectrodc tube is a vacuum tube 
containing more than three electrodes ussociated with a single 
electron stream. 

Mutual Conductance. See Oontrol-grid-plate Transconduct- 
mice. 

Octode. An oetode is an eight-electrode vacuum tube con- 
taining an anode, a cathode, a control electrode, and five addi- 
tional elcotrodea ordinarily in the nature of^grids. 

Output Circuit. ' llte output circuit. of a viicuum tube is the 
circuit associated Tvith the electrode from which useful power is 
drawn, generally the plate. 

Pentode. A peutwle is a five-oleotixide vacuum tube contain- 
ing an anode, a cathode, a control electrode, and two additional 
electrodes ovdinni'ily in the nature of grids. 

Phototube. A- phototube is a vacuum tube in which one of 
the electrodes is irradiated fur the purpose of causing eloctron 
omission. 

Plate. Plate is a common name for the jjrinoipal iiiiude in a 
vacuum tube. 

Plate Pesistance. Plate resistance is the quotient of the alter- 
nating plate voltage by the in-pluisc componont of the alternating 
plate current, all other electrode voUages being maintained oon- 
atant. As most precisely used, the term refers to infinitesimal 
amplitudes as indicated by the defining Eq. (8-246). (See also 
pages 47 and Cl.) 

Radio Frequency. A radio frequency is a frequenoy at wliiuli 
radiation of electromagnetic energy, for communication piiiposes, 
is possible. 

Rectification Factor, lleo^cation factor is the quotient of the 
change in average current of an electrode by the change in .ampli- 
tude of the alternating sinusoidal voltage applied to the same 
electrode, the direct voltages of this and other electrodes being 
maintained constant. As most precisely used the term refers to 
infinitesimal changes. (See page 569.) 

Screen Grid. A screen grid is a grid placed between a control 
grid and an anode and maintained at a fi.’md i^ositive potential, 
for the purpose of reducing the electrostatic influence of the anode 
in the space between the screen grid and tlie cathode and of draw- 
ing electrons away from the cathode. 
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Side Band. A sidn band is a band ot freqttDncies on eillmr side 
of the c.^rrier frequency, produced by the process of inodnlatioti. 
A side baod maj’ con’dst of a sinRle frequency, in nhich case it is 
called a «cfe frequency. 

Sigoal. A signal is the form or variation with time of a tvave 
ivliereby the inforraatiou, iDessnge> or effect is conveyed in com- 
nuinieatioTi. 

Space-charge Grid. A space-charts grid is a grid that is placed 
adjacent to the cathode and positively biased so as to reduce the 
limiting effect of space charge on the current through the tube. 

Stage of Ampliffcatioa. A eU^e of amplilication ncmeists of an 
amplifier tube together with its input and output circuits Severnl 
stages may bo connected in cascade to constitute a complete 
amplifier. 

Suppressor Grid. A suppressor grid is a grid (usually con- 
nected electrically to the vutbode) interpused betivceii two elcc- 
trudcH (usiinlly the screen grid uii«l platn) lioth positive with icspcct 
to the cathode, in order to prevent the passing of secondary elec- 
trons from one to tlie otlier. It also serves to reduce the electro- 
static iniluonce of the anode in the space between Uie suppiessur 
grid Olid the cathode. 

Tank Circuit. A tank circviit is an oscillatory circuit ao coupled 
to the output of a vacuum-tube amplifier or oscillator as to con- 
trol the wove shape of the plate voltage by virtue of its energy 
stOTage. 

Tetrode. A lelrudc is a four-eluukrodu vacuum tube uuntaiaing 
an anode, a cathode, a «'.ontrol dcctiwlc, nnd an additional clco- 
trofle ordinarily in the nature of a grid. 

Thermionic Tube. A thenmonic tube is a vacuum tube in 
which one of the electrodes is hoated for the purposo of causing 
electron or ion emission from that elnoLntdc. 

Transconductance. Trimsconductance from one electrode to 
niiothcr is the quotiait of the in-phase ewnponent of the alternat- 
itv?; curteut of the electrode by the aUemelins volto.?,e 

of the first electrode, all other electrode voltages being maintained 
constant. As most precisely used, the term refers to infinitesimal 
amplitudes. (See jiages fil and 07.) 

TransrectificatioD Factor. Transrectification factor is the quo- 
tient of the change in avemge current of an electrode by the 
change in the amplitude of the alternating sinusoidal voltage 
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applied to another electrode, the direct voltages of this and other 
electrodes being maintained constant. As most precisely used, 
the term refei's to iuhnitesimal ctumges. (Sec page 509.) 

Triode. A triode is a tlirce-declrode vaommi tube containing 
an anode, a cathode, and a control electrode. 

Vacuum Tube. A v.aemim tiibe is a device consisting of an 
evacuated enclosure uuntainiug a number of electrodes, between 
two or more of which conduction of electricity through the 
vacuum or contained gas may tate pl.ace. 

Wave. A wave is (1 ) a propagated disturbance, usually periodie, 
as an electric wave or sound vnxvo, (2) a single cycle of such a 
disturhimce, (3) a periodic TOiiation represented by a graph. 

Wave Length. A wave length is the distance traveled in one 
peiiod or cycle by a periodic distiirbaaco. It is the distance be- 
tween corresponding phases of two consecutive waves of a wave 
train. Wave length is Uie quotient of velocity by frequency. 

SYMBOLS 

The letter symbols used in this text arc those recommended by 
the Standards Committee of IRIS in tlicir 1938 laport, with a fe^v 
minor exceptions and additions. (1) InsULnUiieotis values of 
volta.go and current are represented by small letters in conformanco 
with general practice in all electrical engineering a'orlr. (2) Direct 
ourreiila and voltages as ivell as effective and crest values of alter 
nating currents and voltages are represented by capital letters. 
Crest (or maximum) values are designated by u subscript ni. (3) 
Wiiere it is necessary to distinguish vector or complex quantities, 
boldface type is used. (4) Sn1>seripts are so chosen as to he as 
nearly indicative of the portion of the circuit to wdiiuh they apply 
as possible. (5) Where .any ^en quantity is to be restricted in 
use to a single fiequenoy, it is shown with u subscript enclosed in 
parentheses to indicate the frequency, as Ru^h which indicates 
tliat the value of Ri referred to is that obtained at a frequency 
corre.sponding to an angular velocity of p. (8) Occasions may 
arise where the average and quiescent (no alternating excitation) 
values may be different. In such cases the quiescent value may 
be distinguished by addii^ the subscript 0,as Im. (7) The power 
supplies for the various electrodes are indicated by the same sym- 
bols as are used for the average values except that the suijscript 
is doubled, as En for tlie plate poww supply. 
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Tlie iKlormt^lion for TjvVvIcs A-t nn«l A-2 is taken from the 103S 
IHC Ptfln<lar«I< Iteport with some additional sj-mbols that tlie 
author has found useful. 

I'ipuro A-1 illustrates the Uso of tlie more important of the voll- 



Fio. A-] — llIii^tMtini; tlie api>licaiIoti of the nomenclature to the var- 
lou* circuits III n trio<Ie lul>c. 





rvo. A>2.— IIlustratiUK (Ik* appliratiim of (l.o iKim-rie’itlure to (ho I'lalo 
current of a vacuum luhc. 


ajte ftivi cMiTMA >>}PTri\in\«i. 'riic na^m for M'inB n iniTi'n’^ siBn Ijo- 
tween /* nnil r, is Riven on ixird <53. Tiic mimis sicn w not ii'^l 
for the Rrhl current nr for tlie j^d or plate voltngeH. 

Flpin^ .\.2 further illusfnitcs the ««c of the various s3*inhoIs ns 
njiplirtl to the pl.nte current. Symbols for the grid cum-nt and 
the plate and grid vnllaKc* aro treated rimilarly. 
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Quiiiitity 

Syi»- 

bol 

Subscript 

Ex- 

ples 

Direct components 

B 

b plate 

Ei 


I 

c (or cl) control grid 
<2 screen grid 

Ect 

Quiescent values (if application of 

B 

bo plate 

Eh 

an aU.ornatiug cmi cUangee the 

I 

cOgrid 

hi) 

direct oomponuut, tliose eymbuls 
arc used to denote valuea before 
application of aitrimating emf.) 




Direct supply voltages (these sym- 

E 1 

bb plate 

Eii 

hols are used only when the sup- 


ce grid 

1 E, 

ply voltage differs from tlw volt- 
age a3)pHod to the tul)e) 




Itms values of uHernating coiiipo- 

E 

p plate 1 

E,. 

aonts 

I 1 

e (or gl) control grid . 
g2 screen grid 

E, 

h> 

Crest values of alternating cempo- 

E^ 

p pinie 




g (or al) control grid 
02 screen grid 

' E,^ 

Tnstaiitaneoiis values of altornafc* 


p plato 


ing components 


0 (or 0l) control grid 
g2 screen grid , 


Instantaneous total vivhies (sum or 

e 

b plate 

fi, 

difference of iiistanlaneous direct 

i 

r. (or cl) control grid 

ib 

fuid aitcTnatiiig components) 


e2 screen grid 

z 

Instantaneous coinjjoncnts above 

e 

pO plate 

C,,0 

and ticlo^v quiescent values (see 




footnote on page 4fi8 for fnrtlior 
p.xiil aiintion) 
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DEFhvmOjVS AND NOUBNCLatURE 




Table A-2 

Quantity 

Filament, or heater, terminal voltage 
Filament, or heater, current 
Total eleclrcn emisaiou 
Plate resiatanee (a-rt) 

Crid-plate transconrliirtanre (rnntiial conductance) 
Amplification factor 
Plate resistance (d-o) 


Symbol 



III 



Dattery (posItiveelectrodeintlicHled 
by the long Uac) 



Condenser, fixed 


Condenser, variable 



Orouod 


-^Tnnnr^ 

Iisduetor 

Inductor, variable 

- numr^ 

iDcluctor. iron-cura 


Loud-spcol(cr 


=03 

Misropbone 



1‘ieioelectric plats 


tMAAAA^ 

Rfsiator 

I^eaistor, variable 


n. 

Telephone receiver 



Tranaformer, air-care 
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V&cuom*tube Symbola 


o 

Sigli-vaomim-tiibu envelope 

o 

GiiB-tubo envelope 
(dot plaeed where convenient) 

DlrecLlyliOfiled imlliodc 
(syrabol often iisecl in dgeneral sense 
to indicate a catlindo of sny typo) 

? 

Cold cathode 


P’ ■ 

Indirectly livRtud cathode 

V 

Pool cutiiode 

Y 

i’liotO(dactriR ontbodo 



Plate 
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DEFIXiriONS AND NO^t/;NCLATUl^E 




Tabi-e A-i. Abbkbviatiuns 


amplitude-modulated . 
audio-Jre(]uency (adj.) 


olectromotivc foree . 
frequeaey-riodulntpd .. 
■henry ... . . 

Ihigh-frrqnency (odj ) 
iiiterniedialB-frequeiicy (and].} 
■^.iloeycle (per second) 

low-Irequency (adj ) 

Aieg^ejnlfl (per seennd) 
Tuegohm 

^terofarod 
,miLTumicrofarad 
tnlcrohenry ... 
milUlienry 
nuoroampere. 
killiampere 
radio-freqvcBoy (adj.) 
root-toasn^quace (adj.) 
tuned raclio-froquensy (odj.) 





db 

f-m 

li 


kc 

l.f 

\re 

Ma 

um ! 

lih 

mil 


t r*f 


Abhrevlatinns for Metric Prefivea 


kilo 

mega 

mini , 
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FOTOIER ANALYSIS OF A REPEATING FUNCTION 

It may be shown that any periodic function may be represented 
by a series of sine rvaves, or 

v=m (B-n 

may be written 

y = flo Cl sin M + + & sin (2&rf + 

+ Cj sin (3wi + -I- ■ ■ ■ {B'2) 

provided tliat y » / (a:) is a repeating function of period 2x/(i. 
Equation (3-2) may evidently be written as 

y - Cl) +fliC0RMf +0 }Cor2w< + oj cos 3 <<»f+ ••• 

+ sin wi + 6i sin + 6* sin 3w( + ■ • • (B-3) 

where 

Cl =s Vai* + W * Voj* + V, 

and 

w fts 

The constants Oo, Oi, ti, fl», l»a, etc., may bo evaluated by the 
following procedure: 

To detennine oj, find the average of y over a time interval of 
2 t/c.j, or 

^ i f («’+<•:«« -I + «8Cos2wi+--- 

+ 6i sin + J »2 sin 2wi + • • •) dut 
Evidently the integration of the right-liand side will give at, so 
that 

^ J !jdul = at = average of y over one cycle (B-4) 


613 
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at may Iw determined first imiltipiyiiig both eitlcs of Eq. 
CD-3) by CCS lit and again integrating over a cycle, 

±l j,cra«!rf«l 

= A. j (no cob Lit + Oi «»’ w< + ei cos ul c<» 2wl 4- * • • 

+ l>i otM o>t bin <j>t + fn cos ut sin 2u3t -b • •_•) dwt 
Integration of the riglil-lKuid tjiUe gives 

~ / 2/ C03 wi dui *» ^ 

4T Je i 

*■ avcmt 5 <'- of (y con oO tiver one cycki (B-fl) 
1)1 raay be determined by multipiying both sides of £q. (B-3) 
by sin ul and integrating, giving 

= nveruge of (y em wi) over ono oyolo (B-0) 

tti is determined l>y first mMltiplying by cosSwl, ond kj by multi* 
plying by sin 2at The process may be continued to include anj* 
number of harmonics or any particular harmonic desired. 

In the analj’sis of a wave bj' this method the ordinates y are 
measured at frequent intervals and tabulated. The number of 
intervals talrcn per cycle depend npcKi the accuracy of the re.«^ilts 
desiivd, although there is no point in taking them closer than tiie 
accuracy of the oiiginal curve n-sironts. 

Table B-1 illustratee the application, of this naothocl to the. analy- 
sis of the plate-current curve of Fig. Column I gives the 

intervals luirm along thn abscissa, in this case every 10 deg. 
Coliinin 2 gives the measured values ofthcordinatc fy InEq. (B-2)] 
Cniuma 3 gives the product of coIudid 2 and cos ul, (y cos ul), 
etc. Tlie process of integration, consists, in totaling these columns 
£>s shoivn and then dividing by the number of inten'als, (36), 
to get the average, co, at, bt, etc., are, therefore, given by Eqs. 
{B-4), (B.5), CB-6), etc., tvilhin the accuracy of the original curve 
and the approximation iiivoK-ed in using finite intervals to evaluate 
the integrals (aonietiines called step-by-step integration). In this 
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Table B-1, Touweb Ahaltbo op Coiive op Fig. 'J-4Q 



03 = ‘= - 0 . 23 , b, “ 0 , 6, = 0 , 6j == 0 

a, = -^0?+ V “ /.«, V'^+W = /», v'ffcTTfel’ “ /3». 

' The totals of columns (©, {4), otn., use dirfded by IR mtbn- than 3(1 bemuse the nver- 
IIBBS of tliA% columns nro ax/Z, Cn/S, .... TluM tt is neewttry to aivWo by 30 and then 
multiply by 2 to net ci, fct, . . . . 
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ptiTtievilar examjilu U«j cwrvo is ^’mmetrkal about the F-axis, and 
nil the h Uirms are scro. 

It should he noted llmt tliis mclhocl nmy ho used to evaluate nnj- 
given iifirmnniR williout first cvtUuating those of lower order. For 
cx/imple, if the third hormnniu oidy was desired, cnlumns 1, 2, 7, 
and 8 alone would bo ncenfsaiy. 
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APPLICATION OF THE FOURIER ANALYSIS TO AH 

ANALYTICAL SOLUTION OP REPEATING FUNCTIONS, 
THE EQUATIONS OF WHICH ARE KNOWN OVER 
SHORT INTERVALS 

Certain tiypes of repeating functions for which tlie equations 
are kno™ over short, well-defined intervals may be analyzed by 
the use of actual integration processes rather than by the step-by- 
step metiiod of ApiJetrdix B. An example is given here. 

Example. The plate curront of a class B ninplifier closely approximates 
a series of half-sine waves. Fig. C-l (idso see pages 354 ami 395). Tlie 
oipiatirm of this eurveinay bo written for tbo region between points a and 5, 
as f = 7m sin wt, and between b and n' as i » 0. 


~9' b' 

Fig. C-1.-— Tlieorotical plate-current curve in a class B ampllflor. Eacli 
pulse is an exact holf-sino wave. 

The constant og of Eq. (B-3), Appendix B, may be evaluated by applying 
Fq. (B-4) analytically. Siimmatiun nf nil tbc ordinates, ns in column 2, 
Table B-1, is performed by integrating i » Imsin wlfromn to t, or from 0 to 
TT, since i is zero between » and 2a. a« b then given by dividing this simv 
mation by the total number of ordinates, or2ir. Therefore, 

Ho * “ ^ Im sin vt </«t = 0.8187m 
Similarly, from Eq. (B-5), 

Qi ■= 3 X ~ ^ an cos «( (fuf - 0 

and 

«: = 2 X ^ J 7« an cos 2»>t rf«< = -0.2127„ 

h ~ 2 X ~ j Im sin ul mn ul dot — 0.6/m 

hs = 2 X — Im an wt ^ 2wt dal « 0 

Higher frequency componente may be determined in the eamo manner, 

C17 
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METHODS OF EVALUATING THE NUMERICAL VALDES 
IN TABLE 7-1 

All the numerical x'ahies in Table 7-1 (page 1 95) may be evnlu- 
ated by reasonably simple, straighlfonyard methods. They are 
outlined herewith for a three-phase, half-wave rectifier, the circuit 
of nliiuh ivas shown in Fig 7-8 (page 169). 

A.l. Ratio of Transformer Secondary Voltage (rms) to Direct 
Output Voltage. Since all d-c drop Uirougb tlie rectifier circuit is 
neglected in computing Table 7-1, the direct voltage will evi- 
rlently he the average of the output voltage that the rectifier 



Fill D-1 — OuipuC wave c( a tliKe-pbuie. halt-wave rectifier The heiivy 
line IS the output voltage, tbo dotted bncs showing the impressed voltages 
n( eaeh nf tbs. ihf<>e phases Clube end transtoeoier drop neglected) 

appliM to the filter, as shown in Fig. 7-9. The ratio of this average 
to the crest value of the alternating voltage may be obtained by 
the methods of Appendixes B and C. 

Consider the output voltage of the rectifier, as shown by the 
solid line of Fig. D-l. The equation of the curve between a and 
£< 13 e = £„ sin qt (g is used here rather than w to avoid later 
confusion). Between 6 and c and between c and of the curve is 
tho same but displaced an additional 120 deg, Evidently, loo, 
the period c& is one full cycle of the rectified output eo that the 
integrations indicated by Eqs. (B-4) to (B-fi) must be extended 
from a to h or over any other similar seetkm That is, the funda- 
mental frequency of the output wave b three times that of the 
supply, or « >= Sj (where u has the significance assigned to it by 
Eq (B.2)] 
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Equation (B-4) thert^orc becomes 

Of, = ~ J* ^ qt dai (D-1) 

where a = ir/2, h — 5ir/2. 

Integration of Eq. (D-l) ^ves a« = O.S28E„, or 
E. = 0.855Ea 





/V 


.fa) 


whore E, = 0.707E„ and Et = Oo. 0.855 5 b the figure given in 
. Table 7-1 for tlie ratio the ims value of the secondary voltage 
to the direct output voltaj^. 

A.2. Ratio of Inverse Peak Voltage to Direct Output Voltage. 
Ihe inverse peak voltaijs is the maximum voltage applied across 
the tube in a negative, or mversB, i 2 3 i 

diraotion, It may be determined 
from the curve of output voltage ^ 
(i'ig.7-9)i'opi'oduccdinFig.D-2rt. £ /1\ /IN 

Rofen'ing to the discussion that 5 / h \/ 
accompanied Jig. 7-9, the anode > 
potential of, say, tube 1 is given 
by tho sine wave (portly dotted) 
inai'lcod 1, and the cathode poten- 
tial is ^veu by tiie solid line 
on^'clopo. Tlic iastantanoous in- ; 
verso voltage ia fJieii given by 
the ditforeace between these two 
curves as illustrated by the sliaded 
area in curve (ci) Fig. D-2 and by 
the curve (6) of the same figure. 

The inverse peiik voltage is there- 
fore found by determining liie 
maximum difference between the 
iippcr envelope and curve 1. 

This may be done by writing the 
equation for each curve ovct the 
inteival tih (or ht,'), subtracting the two equations, differentiating 
with respect to qi, and cquatii^ the derivative to :^ero. The 
equation of curve 1 mayie written 


t, 

•T 



Ftfs. D-2.— Inverse vcitage curves. 
Tho curves in- Co) are similar to 
thoBOoC Fig. 7-9 (p. 169) and have 
the same signiticance. Curve (h) 
ah.on'6 t!ic actual voltage uoi'osa 
tube 1 at each instant, being 
obtained from the ourves in (a). 
The conducting period ia from fi 
tob and the nonconducting period 
from ^ to ({. 


Cl == E,i an gt 
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and that of the envelope for the iiitcrval Ittt ia 
e = J?, Bin (fff — 120°) 

The instantancoiia inveraa voltiigc dunng tiiis interval ia then 

Inverse voUage »= singt — ^„sm (qt — 120“) (D-2) 

Tahing the derivative of this voltage with respect to t and 
equating to zero yields 


or qi = 240®. This vahic'of qt givea the point on the curve of 
Fig, D-2 nt which the inversjo voltage is a meximtun and if inserted 
in Eq. (D-2) will give the inverse peak voltage. 

£.«v E„ sin 240^ - sin 120“ =- - V5 


the minus sign merely mdicatiog that the plate voltage is negative. 
From the preeedmg section we find that i-‘», « Eo/0.82S, so ne 
may ivrite 


which is the value given tu Tuhla 7-1. (The mintia sign is omitted, 
since it is ohvious that the, mverso voltage must be negative ) 

A J. Ratio of First Three Alternating Components of Rectifier 
Output (nns), to the l>irect Output Voltage. The alternating 
components of the output voltage may be detci mined by continuing 
the Fourier analysis metiiod used in part A.I 
Applying tins method to Eq. (B-5) gives the fundamental com- 
ponent of the ripple voltage in the output 


where u = 3g as before. 
Equaliou (A-6) ^ves 
hi 


^ ^ r sin gt cos ut ihit 

2 2r Jwls 

Inlrgiution pves oi =*= 0. 


-ir* 

2v J,ii 


sin gt sin wt dul 


which, ivheu integrated, ^ves 


So 
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Siace fli = 0, Cl of Eq. (B-2) (page 61S) is imnierically equal to 
bi. Tlic erest value of the fundainental component is equal to Ci; 
tlierefore, the iTns voltage is given by 

El == 0.707{0.25Bo) = 0.177Eo 

where Ej is the ms value of tiie fimdameatal component, and 
Eo is the d-o, or average, value. 

The method may be applied to lilgber ordei- Iiamoiiics in a 
similar manner, 

B. Ripple Frequency. The ripple frequency may be. readily 
determined by inspection of the output voltage curve, Fig. 7-9, 

C. l. Ratio of Peak Anode Current to Direct Output Current. 
Ill tlvc three-phase, balf-vmve rectifier only one tube conducts 
at a time. Therefore, tire peak current (under tlie assumption 
of infinite filter inductance) must be equal to the direct current. 
Where two tubes conduct simulLaiioously mi faralkl (not in 
series obviously) as in tire doublc-Y circuit, the peak current if. 
lialf the (iirent current. 

C. 2. Ratio of Average Anode Curront to Direct Output Current. 
The conduction period for the thrcc-pliuso, hal^-\v•a^'o rectifier is 
one-third of a cycle, nrercforc, the average tube current is one- 
third of the peak current and therefore one-third of the direct 
outiJut current. 

D. l. Primary Utilization Factor. Tlve waveshape of the current 
floiving through the transfonners of a rectifier is obviouslj’ far 
from sinusoidal; tlicrefore, the heat losses will bo greater than 
under sinusoidal operation. Transfonners, like other electrical 
equipment, are rated in tcims of the output that tlicy will deliver 
with a temperature rise not to eicceed a piedetennincd safe value, 
iindcT Ihc assumplion that they will be called upon to carry sine-wave 
ciirrenls. Ratings given on such a basis must therefore be 
altered for transformere used in I'cctificr cii’cuils, being multiplied 
by a term loiown as the Iransformervtiliaalion factor. This factor 
may be defined as the ratio of the output of tJie transfoianer wlien 
used in a given rectifier circuit to tire output that it would be ca- 
pable of giving with sinusoidal cuirents flowing and tho same internal 
loss. Evaluation of this factor therefore requires that the heat 
losses bo deteiTOined in the transformer -when in rectifier service. 

The impressed emf across a transformer is ordinarily sinusoidal 
regardless of the typo of load. TTuis the flux ia nearly sinusoidal, 
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flnd the iron losaofl may bo cMUisideied u9 iisdepcuJeiit of the wave 
shape of the load current llio copper losses, on the other hand, 
are directly dependent vrpon the ouTKSvt fkswing through the wind- 
ings and are therefore maricedly affected by the wave shape. 
Under the assumptions of Table 7-1, vie., infinite inductance in the 
filter, the secundary current for the 3-0, half-wave rectifier tv ill be a 
rectangular jiulao laatiug hvr tme-Lhird of a cycle and liavirig an 
nmplituile. c<iual to the direct loiul rairrent (cvirv’e a. Fig. D-3). 
Since the transformer is etmsidered ideal, the primary current 
(curve 6, Fig. D-3) must be of the earne shape eveept that no direct 
component can be present, since there is no source of direct einf 
in the primary cirouH. 



Fio, D-3 —Primary and eecondary furrmts lO orw! trftnsformnr of a 
tbree-pbaso half-wave rectiUvr, ue^miuoK vn lafinvlenuduvlauve cliolie and 
an Klcal traniforirrr. 

Proof that the curve b of F^. D-3 correctly lepreeents the alter- 
oating current may bust be bandied in twu steps Fust, it is 
evident that the secondary current cnnsiats of n direct component, 
equal to the average current taken over one cycle, with a superim- 
posed alternating component. Since only the alternating com- 
ponent can induce an emf into the primary, the average primary 
current must be zero, as shown m curve &; «.e., it contains no direct 
coinpuiieiit. Thu secoiul steji is to kIiow that the prirnary current 
innn ideal transformer 5a rectangular la shape, which may be seen 
by first noting that the main tranaformer flux is sinusoidal (see 
preceding paragraph). Urns under no-load conditioiis the only 
current flowing will be the magnetiziug current in the primary 
winding which, in an ideal transformer, is riegligilily Kninll. IV’lien 
a load is applied, any variationn m current in thn secondary wdnduig 
will tend to vary the wave ^lape o[ the flux and so alter the wave 
shape of the induced emf in the primary winding Since the 



An-. D] 


PRWAHy UTILIZATION PACTOlt 


623 


primaiy induced emf must always etjual the impressed emf (in 
an ideal traiisfonuee), it ia evident that the ampere turns due to 
this changing secondary crirrent must be offset by an equal number 
of ampere turns of opposite polarity supplied by an additional 
eurieut flowing in the primary in order tliafc the net excitation 
may remain that of the cxwting current only. Thus the primary 
current must have the siune wave shape as the secondary but 
without a direct component. Since the only points in the cycle at 

/ s I 4. I r“ Current I'n 

(o) \ ^ 1'2 I secondary 

Q —I X 1 I I No. I . 

0 20 4tr 2n 

3 T 



Iho. D-4.— Primary and eocondary curronte ip ouo traciaformor of a 
tlirce-pliMO full-wave, doabIc-Y rectifier, misuiuitig au iufiuric-i&duota&oe 
choke sad an ideal transformer. 

which the secondary (nirrent changes are at = 0 and ql = 2jr/3, 
we may write 

Np(Al,) * N.(Ah) 

where (A/i) is given by cd and (Alt) by ah, Fig. D-3, and and 
N, are the number of itims in the primary and secondary wind- 
ings respectively. The current change ab ia equal to In ; therefore, 
cd must be 7o ( N,/ N^). In order that the average current may be 
zero, two-thirds of tiiis change must be above the zero line and 
one-thii-d below as shown in curve 6, Fig. D-3.‘ 

’ In full-wave circuits, of course, no d-o ma^etizalion "•lialsoevor nxiHt.s 
in tin; ciorn. As an example, fclie wave shapes of the primary and secondary 
currents for the 3-^, douhle-Y circuit of Pig. 7-13, with infmilo filter iuduct- 
an<;e, arc sirown in Fig. D-4. Curves a and b represent the currents in each 
of the two secondaries of one transfoniier. The mugnetizatioii of each is 
opposite in direction to that of the otlier and thus produces zero average 
(or d-c) flux. To indicate this relation, the ciurent ia curve ii is sliown as a 
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From tlie definition of utilisation factor wc may now write 

ULiKsution factor ~ ^ (D-S) 

iipZp 


where Eala/S ia the output demanded of the tranrformer' under 
the nsumiiitiuna iij>ply»ng to T\kble 7-1 {no loss in the reetifier 
circuit) and E^If is the wnusoidnl rating of the transforraer. 
Ef is, of couise, the actual primary voltage of tlie transformer, so 
Ip is evidently the stnuBoidal current that \rill produce the same 
popper losses as arc pmilucpil by the actual current flowing in 
rectifier service. 

If tlie resistance of Uio traoeformer primary winding is Rp, the 
copper losses produced by Ip arc 

« I^R, (D-i) 


where Pp^ copper Iosh in primary under nomml einiisoidul ettn* 
rlitions The loss under rectifier operation may Lc found by detcr- 
miamg tlie energy- consumed during eacli of tho two intervals 0 to 
2fr/S iiud 2ir/S to 2v, ailding Uvem and dividing tlip total by the 
time of one cycle to secure Uie average power, thus i 



(D.5) 


where Pp, >= copper loss in primary under rectifier conditions 
T « time of one cycle 
Rp = resistance of primary windiug 
By the definition of the utilisation factor “ Ppr, or 



which, when solved for Ip , yields 


(D-0) 


Ip = 0473 /,^ 
Np 


(X)-7) 


□esalive quantity, although it Sons ia the same direction na that of a 
insofar aa thi* external d-c circrat is concerned The primacy cuccent may 
now readily be seen to have tlie shapo of curve c. 

' Division by S Is rccessarybceanse there are three transformers supply- 
ing the total output. EtJn. 
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Since El = 0. 855^0 from part A.1 of this appendix, and since 
Ep = E, (whereS, isthevdtageof the transformer secondary), 
wo may rewrite Eq. (D-3) 


Utilization factor = 


g,7, 


Eoh 

3{0^55£'tt)(0.472ro) 


= 0.827 


D.2. Secondary Utilization Factor. Tlic metiiod of deteiToining 
this factor is exactly the same as for the piimaiy. In tiiis case the 
secondary copper loss under lectifier conditions will be 



and undei' simisoidal conditions 

p.. = Hr, 

Sotting = P,„ I, is found to bo 

7. = 0.5787, 


Tlicroforei 


Z 


Utilization factor = 

ZB, I, 


Eth 

3(0.855£lo)(0.57870 


(D-8) 

(D-9) 

(D-16) 



APPENDIX E 


RELATIVE POLARITIES OF CURRENTS AND VOLTAGES IN 
A VACUUM-TUBE AMPLIFIER 

The circuit diaEr3.m of a simple vaciium-tubn amplifier is sliomi 
in Fig. E-1 , similar to Fig. 3-22, page 58. A plus sign and a minus 
sign are used to indicate that tlie plate voltage, ci„ and the grid 
voltage, tc, are considered to be positive when acting from cathode 



toirord plate and grid, respectively, and an arrow is used as a 
similar indication for the plate current, n, and the grid cunent, 
V Under those assuraptioos the drop, tiTit, across the load 
resistance must be conadered as positive when acting from top to 
bottom of the resistor, as iudienled by the (+) and (— ) signs. 
The equation for the plate circuit is then 

— i»l?t — e» = 0 (E-1) 

If the alternating voltage applied to the grid circuit is assumed 
to be zero {cj = 0), only direct cmnponcnts of current and voltage 
will appear in the plate circuit and me may replace with 7^ and 
pj with Eh, as in Fig. E-2. The equation of the plate circuit under 
these conditions is then 

~ hRt - B» = 0 


(E-2) 
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Let us now suppose that an alternating voltage is again applied 
to the grid but let us neglect Uic direct components and show a 
circuit containing the altcrnatii^ components onlj', a-s in Fig. 
E-3. Here the plate volt^e, e^, must l>e i-eplaced by the alter- 
nating component only, 6,. Tt seems logical to assume the same 
polarity, so the voltage c, is shown with (-I-) and (— ) signs indi- 
cating the same positive diieetion as for ci, in Fig. E-1. It is 



E-2. Same as Fig. E-1, except for direct components only. 


ip— ^ 



E-3. Same as Fig. B-1, except for alternating components only. 

further evident that the potential across the load resistor is the 
same as that between plate and cathode and is, therefore, Cp, as 
indicated on tlie diagram. If the alternating plate current, ip, 
is now assumed to be po.sitive when flowing into the plate, as was 
assumed for ft in Fig. E-1, we can see that we would have to 
■write, for the potential across fit, e, *= — »pfit. While the use of 
the minus sign in front of tpffi is pennissible, it seems awkward and 
may be avoided by considering that the alternating plate current 
is positive when flowing away from the plate. This means that 
Cl, and t'b are given by 



C2S VOUiniTIESOFCVRREKTSAKDVOLTAGL-S (Apr. E 
ft = £» + Cp (E-3) 

u = /» - **, (E-l) 

The power relations in the circuit may be determined b3’ noting 
tiint nii3' circuit element is assumed to be a source of power (de- 
livers power inM tlip circuit) il Ibe positive direction of the current 
is oaf of the ( +) tcrromnl of tiie potential, while it is a sink of 
power (absorbs power /rom tl\€ circuit) if the positive direction of 
the current K i«/j the (+) terminal of the potential. Thus in 
Figs. Ii>-1 tmil F-2 the direct potential, Em, is treated ns n source of 
power and the power delivered to each circuit is and EmIi,, 
respectively. Similarly botli Uie plate of the tube and the load 
n.'si.siunuu Ri, are treated os though they were sinks, absciiiiing 
power in the amount of f»t» and respectively in Fig. Fl-l 

and Eih and /»*/?«. Jn Fig. 

In Fig E-3 tho positive direction of current is out of the (+) 
ferminnl of tho potential hetouen jilatc umf cathuilc of thp tubo 
mcheating that the plate is assumed to bo a source of power, rather 
than n sink as in the two preceding figures Thus the plate cle* 
livers iv power tfip to tho output circuit. The loud ressator Rt. 
is again considcrcrl as a sink absorbing a power x^Rt. or 
This J3 tj'pical of an amplifier where the plate is the apparent source 
of tho a*c power delivered to tlie cstcroal load Rt. 

An oiilirely diiTcrent sitiialiou c.xisUi in the grid circuit. The 
nltcrcfitbig volhigc is not normally generated by passing the 
alternating grid current throu^ a resistance (or other type of 
inipccl.anco) but is produced by some CKternal Btiutoc. lu oilier 
wonis llie altcrri.ating volt ngc appearing in the e.xternal grid circuit 
is that of a source of pow cr, not that of a sink as in the plate circuit. 
Tiic norm.al assumption to moke concemiug the alternating compo- 
nent ol the grid current is tlieii tu consider the positive direction na 
being toward tlic grid, ns in Fig. E-3. Tins shows that we are 
considering tlie external circuit ta be a source of po\ver since the 
positive direction of the current is out <if the (-i-) terminal of the 
applied potcatial. We then consider the grid-to-eathodo circuit 
of tho tube to be a sink, since the positive direction of the grid 
current is into tho (-h) temunal of tho grid-to-cathodc potential. 

It is of interest to note tlust tiie pcentrve liirectiim of the direct 
grid potential, is shown as bung towiwd the grid, to correspond 
with the as.-nimption for En. Actually most tubes arc operated 
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with a negative jiotciilial on the grid, and Iheicfore, if a direct 
po(;ontial of, say, 20 A^olts is to be supplied by Ec» we must wi-ite 
Ecc = —20 volts to indicate tlie correct absolute polarity. Many 
authors consider E,c as poativc when acting toward the cathode 
and so wouid write E„ — 20 volts, but the nol.ation presented 
here and used tlirougliout this book seems to the author to be more 
consistent and less apt to result in errors or confusion. 

It is possible to tioat tho plate dreuit in the same manner as the 
grid circuit and consider the csternal voltage across the load 
impedance as that of a scniixse of power and the pkte-to-eatliode 
circuit as a sink. This would be the result if the plate current 
arrow in Fig. E-3 were reversed, as in Kg. E-4 u'lience Eq. (E-4) 
ivould become 

n = (E-6)' 

Tlio positive direction of the current would then be inio the ( -H) 
terminal of the platc-to-cathode potential aud the plate would be a 



sink, absorbing an amount of penrer c,ip. When the relative 
phases of voltage and current are determined (as on pages 04-66) 
it will be found that and i, are out oS pljaso by 180 dog when the 
plate curreni, and plate voltage have Uie relative polarities indi- 
cated in Fig. E-4, and we must conclude that, while the plate of the 
tube is a sink, it is absorbing negaHvc a-e power which is the equi- 
valent of a soijrcc delivering positive power, exactly as \vas assumed 
in setting np the pdarities of Kg. &3. 

■Similarly the resistance Rt, if the plate wirrent direction is as 
shoAvn in Fig. E-4, is treated as a source of power, just as was the 
external circuit of the grid. Since Cp = — i'pEl under the direc- 
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lions assumed in Fig. E-4, tlie power dAivered by tbc resistance to 
the rest of the circuit may be written « (— 

The negative sign indicates that the resistance is actuaily obsorbinj 
an amount of power +iplit. as, of course, it must. 

The purpoen of the diBcussiun in the fast two paragraphs is to 
show th.'it the use of the minus sign in expanding li into /» •— tp, 
as was done on page 03, ia not an essential step but one that pro- 
duces more normal power equations inan amplifier. If the vacuum 
tube is used in an application where an external source of a-c power 
is applied to the plate circuit so that the plate-to-cathode circuit 
becomes an actual sirdc, the use of the minus sign in the plate- 
gurrent e-rpression would be less desirable than that of the plus 
sign However eudi applieatiuos are rare, and oven when they do 
occur there is au more difiicully in using tlio minus sign in the 
equation for ** tlian there would be in using the plus sign in the 
usual amplifier applications, ns illustrated in the preceding para- 
graphs 

It should be pointed out that this problem is met in various ways 
by different authors. Some write Eq (E-3) with a minus sign and 
Eq. (E-4) with a plus sign. This produces pusitivc power flow 
equally as ivcil as do Eqs. (K-3) tiuil (E-4) Others, cspecuilly 
roore odvanued writers publishing in lechnical periodicals, simply 
ignore the sign, .iincf! the direction of power flow is well known anti 
they do not need to rely upon a plus or min'os sign to show that a 
given power flow is that of a source or sink, beginning students, 
on the other hand, are likely to become confuBed unless definite 
standards are set up and adhered to. 
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class A, 257, 817, 602 
class AB, 2S7, 352, 602 
class B, 257, 395, 430,602 
load circuit of, 397 
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adjustment of, 427 
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classification of, 257 
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Amplifiers, distortion in (see Dis- 
tortion) 
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equivalent circuit of Iriodc, 64 
feedback in {sec Feedback) 
frequency response of, 272, 284, 
299, 357, 364 
gain of, 268, 297, 362, 372 
graphical determination of distor- 
tion in, 323, 334 
grounded-grid, 436 
high-frequency corapensation of, 
290 

impcdancc-cotipled, 303, 883 
input admittance of, 200 
linear, 257, 395 
LoftinAVhilo, 308 
low-frcquency compensation of, 
286 

maximum uiKlistortod output of, 
319 

“moiorboating" in, 376 
mullialage, 285, 394 
with negative feedback, 801-875 
neutralized, 428 
noise in, 314 
phase relatione in, 64 
phototube control of, 310 
plate efiicicncy of, doss B, 354,432 
pentodes, class A, 340 
push-pull, 354 
Uiodes, doss A, 388 
power, 257, 316 

power output of, 333, 335, 348, 408 
push-pull, class A, 341-348 
anss AB, 352 
class B, 348, 352 
radio-frequency, 257, 382-439 
power pentode, 413 
jKTwer Iriotle, 394-413 
voltage, 382-394 
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Amplifiers, with'retictivo load, 337, 
SOfi 

reKtiieralion in, 375 
teaislaHce-EOUpled, 26 t-2!H 
with roverecU feedback, 3Sl 
with eeries-peakiuB circuit, 293 
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traciaformer-eaupled, 20t, 3Sd ' 
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tiirrri, 3S3, 397 

Bculraliantion of, 423 
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voltaEa.2&(,3fi3 

Amplitiiiln diatortios (tee Distnr- ' 

Alnplilmlo liijiiter, 897 
Atnplitudc mo Julattoa (a<e Modala* 
tlon) 

Anode, SO, 601 
crapbite, 29, 115 
Aoodc fall space, OS 
Are h/ick, 99, 109 
Are discharge, 03, 9S 
Aricen gas in thyratroos, 124 
Aston dark space, 03 
Aloiiia, vreited state, 05 
metastablc state, 05 
Audio-lrcquency amplifier, 256 
Autiia-frequeciCy tratafortnera, 300- 
301 

ci|uiv8leut circuit of, 205 
frenueucy response of, 290 
resistance loadioR of, 302 
Aufodyre defector, 5S0 
Automatic volume control (a.v.e) 
f?2, 587 

B 

Balance coil iu rectifiers, 172 
Balanced piodulator, amplitude 
modulation, S33 
frequcDcy modulatioo, 519 
Band-pass filter, 3SS 


Band nidth, >u frequency modula- 
tion, 510 

inTAdio-lTequcney amplifirrs, 3S0, 
ass, 39.1 

in resistnoce-coiipled amplifiers, 
276 

Battery charging, 117 

’BeaDi,e!ectrnu, 

Beam power tube, S2, 331 
Beat detector,- 57S 
Beat-frequency nsciPfttor," 4S0 
Bessel’s fiioctiens, 530 
Bias (tee Urid-bias vuifnge) 
Blockme eondeiser, 39S, 421, 450, 
601 

Breakdown potential , 06 
Bridgc-stabiliscd oscillator, 478 
Buffer amplifier, 480, 4S3 

C 

Caodle pon-er, 132 
Capavitaoce, equivaUiit input, of a 
lube, 262 

Cntbonuatioaof thonated tursoteA 
ffl&ment.*. 10 
Carrier current, 519 
Carrier rernoval, 533 
Carrier wave, 610, 602 
suppression of, 533 
Cathode, 27. 002 
cold. 117 

dnintegratioa of, by poailive-ion 
brwnliardincnt, 11,28, 99 
teat-shielded, 104 
indirectiy-beated, IS, 28 
ooide-cuatvd, 9 
tfaenalcd-tungslen, 10 
tUOgStCQ, S 
virtual, 83, 85, 69, 479 
(See eVio rdament) 

Cathode bias, 278, 422 
Cathode by-pass condenser, 284 
Cathode-caupiGd ainpIiGcr, 438 
Okthodo dark space, 98 
Cathode-follower omplilicr, 371 
Cathode glcv, QS 
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Cstthodo Erid, 77 
Ciii liixle liOfttiiiR power, 16 
Cathode pool, lOS 
Cathode-ray tube, 145, 303 
for cheaking modulation, 526 
Cathode spot, lOS 

Cesiated silver pholoEinitter,S!0, 136 
Characteristic curves, coinpo^te,c 
341 

dynamic, tetrode, 74 
ti'Lode, 59, 318 
static, beam tube, 85 
diode, 37 . . 

pentode,,78 
phototube, 133, 135 
tetrode, .72, 180 
thyrntrnn, 123 
tciode, 51, 123 
Charaoteriatlg surface, 53 
Child's cquntiou, 44 
Olioke, design of, for rccUQer serv- 
ice, 101 
swinging, 193 

Claes A, AB, B, and C amplifiers 
(kcb Ajiiplifiors) 

Clipping of eigunl wave in dolnclors, 

678,580 

Couiricicnt of coupling, 390, 393 
Colcl-oathodo tubes, 117, 226 
grid-controlled, 126,240 
Color response, of pbotooonduotive 
oclls, 140 

of pliotosoiisitivc surf.eccs, 21 
of phototubes, 130 
Colpitffi oscillator, 444 
Commutating coodenacr, 241 
ConcioiiBGr-iiiput filter, 181, 199' 
Control grid, 77, CO.l 
Constant-voltage reguintor. 225 
Control device, vacuum tube as, 
217-254 

Controlled multivibrators, 482. 
Contcoiled rectifier, 23fi 
Conversion tmiiscondnetonce, 680, 
60,3 

Converter, peiitagrid, 88, 583 
Cooling of vacuum tubes, 29 


Copper oxide rectifier, 210 
Cunjiling condenser, 277 
Crookes dork space. 98 
Cross modulation, 531 
Crystal, quartz, 468—175 

AT, BT, CT, DT cubs, 471 
equivalent ciicuit of, 473 
CIT cut, 472 
X Olid Y cuts, 46U. 

Crystal oscillator, 467 

Current regulator, 220 

CntoflT grid voltage, 65. 349. 305, 603 

Cycltqihoii, AfiO, 509 

' D • 

Dodbol, 259 
Dccouplittg oirouits, 377 
DnCuittoiis of vacuum-lubo torins, 
601-007 

Degeneration, 375 
Deionisation Ittno, 124 , 32S 
Domaxlulatioii defined, 563 
Demodulators (sec Dutectors) ' 
Demountable tubes, 31 
Detection pinto rctiistnuco', 669 
Deicctois, 563 
nutodyno, 59fi 
filters for, 6Qi, 583 
ftequcney-modulalioti, 6DS 
grid-leak, 577' 
hctcrodj-ne. 555. 567, 578 
InCnite-impodonoo, 573 
oscillating, SS6 
peak liiHiar, 504 
pulsc-inodulation, 59S 
regonerative, ,587 
square-laB', 575 

Diodes, demodulators, 503, 674 

gas-fiUud, 100 

high-vaciiiiin. 36 
modulators, 527 
plate TcsistancQ of, 47 
DirMt-current amplifiers, 257, 307 
Direct -current transmission of 
power, 217, 248 
IMscriminator, 595 
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Disintegration of cathodes, 11,99 
Distortion, amplitude, 25S 
anxlyaia of, 49S 
with a V e., SSg 
clipping, 573, GS9 
components produced by, G0& 
nith constant excitation yoltaice, 
R2? 

definition of, 25S 
(lUB to grid current, 318, 331 
effect nl load resistance on, 3ii7 
equation o!, for pentode or beam 
amplifier tube, 333 
for triodft, tins 
iritli faadbaclc, 303 
frequcDcy. 238, 273, 200, 357 
grapbicai determination of, 332 , 
838, 847, 353 

in gnd-modulatftd eloM C ampli* 
fiei, 523 
barniunio, 258 

with maximum pcrrrr output, 322 
in peak linear detector, 570 
pbaaa, 259 

in plate-modulated eiass O ampli- 
fier, 519 

in eloglc-ddc-band tiansmisnias, 
535 

in square-lavi detector, 576 
Doherty hlgh-nfficienry ampliGer, 
432 

Double ionization, 100 
Doubler, frequency, 429, 562 
voltage, half-wave, 205 
Driving power for class C amplifier, 
403, 410 
Dttinet, 25 

Duo diodo-pentode, SO 
Dno-diode-triode, 83 
Duplex tubes, 83 

Dynanue. cKaractecvstit cmvee <**a 
Characteristic curves) 
Dynatron, oscillator, -177 
in parrusitic oscillations, 48D 
E 

Edison effect, 5 

Efiiciency uf an amplifier (see Plate 
efficiency) 


Elcetron beam, 8,3, 146, 158, 560 
EUeCtcon coupling, 460, 534 
Electron gun, 145, 155, 559 
Electron mnltiptier, 151 
Electron optical system, 145 ^ 
Electron -ray tube, 150 
Electron theory, 5 
Elactioas, charge uf, 5 
emission velocity of, 8, 19 
free, 6 

hlgh-Geld emissiun of, 17 
mass of, 6 

mean free path of, 34, 49 
pbolocicotnc cnusslon of, IS 
properties of, 5 

secondary emissioo of, 16, 148, 4T7, 
86f) 

thermionic ^missioii of, 7 
transit lime of, 37, 51, 01, 250 
Emission, htgh-field, 17 
lairs coverniag, 13 
mcasuremcDt of, II 
secondary, >6, 73. 148, 477, 660 
IbeitiuoDic, 7-15 
Emlasioo efficiency, 0, 164 
Emission velocity of electrons, 8, 
19, 575 

Emitters, electron (ace Cathode. 
Pilameal) 

Energy storage, amplifiers, RGO, 416 
Equivalent circuit, crystal, 473 
dynatron, 478 
photovoltais cell, 143 
triodc amplifier, 64 
Evacuation of vacuum tubes, 33 
Excitation voltage, 003 

F 

Faraday dark space, 93 
Feed-back factor, 363 
Feedback, in audio amplifiers, 261 
BucutUfor.SeS 
current.ae? 

cSbet of, on frequency respunse, 
S64 

In grid-modulated amplifiers, 521 
in isdio acnpliflerB, 434 
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Foedbaok, in audio amplifievs> toI- 
tage, 381 

(See also Heganoraiion) 
Filament., eCfent of voltage drop in, 
45 

(Sec aUo Cathode) 

for detector ovilput., 564, S88 
for power rectifiers, 181-193, 197 
L-aection, 1S4-19I 
pi-scction, 183, 199 
tuned-circuit, ISO 
resistance-capacitance, 377 
Fixed bias, 397, 422 • 

Fioming valve, 37 
Flunrosccnt sorcou, 145, 149 
Foot-candle, 133 
Fourier aaalyaia, 329, 613. 617 
F!eO'grld potential, 54, 68 
Fretiuonuy of oeciliatiou, of a ory«- 
tal, 474 

of an R-C oscillator, 46S 
of a tuned-oireuit oscilialor. 462 
Frequency control with rcflnnant 
lines, 470 

Frequency demodulation, 695 
Fcoquocoy distorliou (see Disicr- 
tion) 

Feequenoy doublers, 429, 682 
Frequency modulation, bulaoced- 
modulator system, 640 
definition, 509 
equations of, 637 
by teactaiioc lube, 654 
aynchronited, 556 
using eighth-wave line, 548 
vector diagrams of, 545-M7 
Frequency stability, of orystnl os- 
cillators, 474 

of tuned-circuit oscillators, 457 
Frequency tolerance, 468 

G 

Gas, current flow through, ffil 
in vacuum tubes, 48, 93-131 
removal of, 33 

GBS-filled tubes, 23, 93-131, 135 
Getter, 34, 115 


Glov discharge, 93, 97 
Gfowkliscbwge tube, 22.5, 

Graphito anode, 29, 1X5 
Grid, action of, 51. 54-57, 1J9-I22 
cathode, 77 

in cold-coJliodc tube, 128 
control, 77 

cotolf potential of, 65 
effect of driving positive, 318, 350, 
523 

free, 54, 68 

power required to drive, 403, 410 
acrcon, TO, 77, 605 
spaoc-churgo, 89, 605 
suppressor. 77, 524, 606 
thyratroi:, 122 

Grid-bias voltage, 165, 422, 608 
by grid leak, 422, 444 
for plate-modulated class 0 am- 
plifier, 520 
by soir-biss, 276, 422 
Grid condenser in oscillators, 401 
Orid-coiilrollod oohl-uatlindo tube, 
126 

Grid current, 68, 130 
effect of, on distortion, 70, 318, 
350 

Grid leak, 266, 277, 422, 444, 677 
Grid modulation, 521-525 
Grid phase-shift control, of ijnU 
troas, 24D 
of thyrntrons, 231 
Gioundcd-grid amplifier, 436 

H 

Uormooics, 60,3 
in class A nniplifiera, 328, 334 
in doss B and C amplifiers, S96, 
419, 017 

even, cancellation, in push-pull 
amplifiers, 342 
(See also Distortion) 

Hartley oscillator, 443 
Hazdtine system of neulraliaatiou, 
425 

Heat-shidded cathode, 104 
Beater, 13, 604 
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llei«iiii; sysieni of tnocluUtiou, SIC 
Jlcterodinc. 555, 557, 578 
Iligli-vMUum tuhft, 23, SiWK 
num, 315, 342, 34S, 363 


Iconoscope, 155 
Ignitron, 113 
filing tlrturta finr, 206 
inverter, 247 

pfi.iae-shlffc control of, 246 
Image oithieon, 1S7 
Injpednnce-eoupleU amplifiers (tee 
Amplifiers, impedaBee>coupled) 
inciemeatal pormeabUity, 1D3 
Inductance-coupled amplifiers (scr 
Aiuplifiere, impedaiicu-oouplcdl 
Induetnneo-inpiic filter, Ifit 
loCinits-lmpedanee deteclur, 673 
IntonnediBte freriueocy, superhet- 
erodyne, £82 

Inlemittoui oeeillationa, 462, 4S7 
InterpViasn reactor, 172 
Invene voltage, 90, 109, 610 
InvMtefs, mcfcury-arii, 245 
thyrotron, eell-eecitcd, 243 
separately ceeited, 2i0 
Toniration, 48, 09-100 
double, 100 
in pbotoi.iibes, 136 
Ionization potential, 00 
Ions, 7, 01, 102, 116, 120 
Iron BQlenide cell, 143 

K 

Kcep-alive anodes, 107 
Keep alive circuit,212 
Kinescope, IM 
IConal, 13 


I^ad sulfide cell, 140 
LigttLouse tubes, 90, 477 
lighting control, satuiaWo reSB- 
tors. 33C, 247. 248 


Luniter, SI3. 550. 597 
linear amplifier, class □, 257, 305 
f ,ipear detector, 563—573 
Linear modulator, 514 
Lissnjous figures, 307 
Load line, 322, 347 
Loftln-Whito amplifier, 308 
L-eec(ioa filter, 181 
dcsigTl of, 187 
Lumen, 132 

M 

Maater - oscillator - power - ampli- 
fier <MOl’A), 400 

hfsximiim positive value of gnd 
voltage, class C amplifier, SOS 
Mean free path of an electron, 31, 40 
Mercury-are rectifier, 211 
Mcf«ttty-aTO tube, 106 
Mercury-pool cathods, 106 
Mercury-vspur tube, 100 
Mieropbocie nniae, 316 
Minimum plate voltogo, id a class 
A amplifier, 340 
in s class C amplifier, 8'JS, 428 
Modulated amplifier, grid-modu- 
lated, 5S1 

plalc-raodulated, 514 
5<}'leite-la<K, R2R 
suppressor-grid, 524 
Modulated wave, 611, 664 
analysis of, amplitude, 511 
frequency and phone, 635 
power III, 61S 
pulse, £58 

Modulating wave. 510 
Modulation, 60S 
amplitude, 900, 510 
cheildiig wilb catiuide-ray tube, 
525 

classifieatioa of, 909 
componenta of fimplitudc, 631 
eomponenta of frequency, 63'J 
frequency, 609, 510-957 
end (class C), 521, 525 
phase, 5f», 536 
plate, 914-520 
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Modulation, pulse, 557 
squaro-inw, 526-S33 
suppressor -gi'irl, 524 
Modulation factor, fill, 530 
Modulation index, 539 
Modulators, 5QS 
balanced. 533, 5451 
diode, 627 

power requirements of pl&te- 
modulated, 517 
push-pull, 534 
rEactauco-tubo, 553 
aquare-Inw (van der BUD, 628 
Motor, thyratmn, 217, 248 
"Motorboating” iu amplifiers, 370 
Mu foctor, 280, 414, 604 
Multigrid tubes, 70-91 
Multivibrators, 4Sl, 359, .508 
nnntroilod, 482 

Mutual oonduataucc (see Traus- 
oonduciuuec) 

N 

Kogativo feed-back amplifier, 361- 
376 

Negative glow regio/t, V8 
NcgativB-gvid-eontvoIliiyrftl.ron,124 
Negative resistance in tetrodes, 76 
Negative truasconductance oscil- 
lator, 479 

Noutniiisod aiiinliflors, 423 
Noise iu ainpiiCers, 314 
Noise reduction, due to feedback, 
363 

in frequency modulation, 546' 
Nomenciaturo. 007-611 
Norton’s tlieoroin, 267 

O 

Ortliioon, 157 
Oscillations, parasitic, 484 
Oscillators, 441-487 
beat-frequency, 480 
bridge-stabilized, 475 
circuits of, 443 


OsDillatorBj'Golpitts, 444 - 
crystal, 4C7 
design of, .454 i 
d^natroD, 477 
oicctron-coupled, 460 
frequency of, 452, 4GS, 474 
frequency-coutrolling, 451, 4G7 
frequency stability of, 457, 474 
Hartley, 443 

intermittent operation of, 461, 487 
negative transconductance, 479 
phase correction of, 459 
pbasc-shift, 467 
power, 454 
R-C, 462 

Tela.\ation. 204, 481 
vswcop-oircitil, 301 
tuned-grid, tuned-plaU, 445 
vector diagram of, 46S 
Oscillatory circuit-, general equa- 
tion of, 445 

Oecillograpli, oatbodo-ray, 201 
Oscilloscope, 149, 303 
linear time axis for, 806 
Output taaximusn usdistortod, of 
All amplifier, 319 - 

Oxide-coated cathodes, 0, 12 

P 

Parallel feed, 393, 401 
Parasitic oscillationx; 4S4 
Peak linear detectoi-, 564 
Peak tube ourierit, IQl, 621 
Peak voltmeters, 593 
Pentagrid converter, 68, 583 
Pent^rid mixer tulis, 88, 5S1 
Pentode tubes, 77 

Phase correction to improve fre- 
quency stability, 4fi9 
Phase distortion («co Distortion) 
Phase-inverting tuba, 355 
Phase modulation, definition of, 
509 

equations of, -537 

Phase shift in feed-back amplifiers, 
364 
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Vta^e-sHift eootrni, of ienUrooa, 
246 

of thyratrons, 231 
Phase-Sihift oaettlator, 467 
PhotGcalhode, 133, IGS 
Photoconduetivs cells. 133 
Photoelectne emisaioo, 18-22 
Photo««ii»6tVB lube, 132 
Photon, IQ 
Phototubes, 132 

circuits for, 133, 251,310 
Phntfiyoltftio cplVa, 141, 251 
Photronic cell. 143 
Pi-seotioa filler, 181, 109 
Pinsraelcftne. 468 
Planck's constaat, 19 
PJsemit, 93, 103 

Plate current, potver-setirs etpao- 
aior of, (lioclee, 497 
ttiodes end pentodeei. 48S 
Plate effieienrj . beam tubers, 340 
class U, 355. 433 
etasa C, SOt, 40S 
pentodes, class A, 340 
push-pull amplifier, 3M 
tModea, class A, 333 
Plate loss, 4S 
Plate mudutatian, 514-630 
Plate resistance, a-c, 47, 61,(7 
detectioa, SfiU 
of pentode tubes, 79 
of ecreen-grid tubes, 76 
Polanratioi) selectivity, 21 
PositiTc-erid-control tbyratrou, 121 
Poaitive-ion bombardment, 11, 2S, 
99 

Positivc-ion aheath, (18, 103 
Potential harrier, 0, lU 
Potential distribution, iu beam 
luhps, 85 

tn diodes, hiKh-vacuum, 39 
la uieroury -vapor tubes, 101 
in pentodes, 79 
in tetrodes, 75 
in triodes, hiEh-vacuum, 51 
gas-filled, (thyratrons), 121 
Poiver, ill a inoUulotcd wave, 513 
tranamisslnn of, by direct current, 
247. 248 


Power amplifiers, 257, 316-361, 394- 
439 

Power emisision chart, 15 
Power oscillators, 15t 
Power output of amplifiers, 333, 335, 
408 

Powcr-Bcrlrs equation of plate eur- 
rent, 4SS, 497 
Pulse cleuiodulatiou, 59S 
Pulse modulation, 657 
Push-putt amplifiers, class A, 341 
claes Xn, 362 
cla.M B, 3fS, 363 

Q 

Q, «f coils, 384, 393 
u( crystals, 473. 
of tank circuits, 416, 419, 4Si 
Quantum theory, 19 
Quarts crystals (aft Crystal) 

It 

Radio-frequency amplifiers (tie Am- 
plifiers) 

R'C oaeiilatore. -IfiS 
nractanec-tuhe modulator, 553 
IteactiVBtios of tlioriated-tuogsten 
SliuncDts, 13 

Reactive loads for amplifiers, 337, 
506 

Receivers, superheterodyne, 682 
Rectification characteristic curves, 
687 

Reetificatinn factor, SS9 
Rectifiers, circuits for, 104-177 
cuutrolUd, 211, 233 
cnpyier oxide, 210 
design of, 187, 1S6 
filters for, 181, 199 
ignitron, 112, 206 
mercury-arcv 106, 211 
using r-t power, 202 
table of design data for, 195, 618 
tungar, 116 

voltagv-muitiplyine, 201 
voltage regulation of, 224 
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ReRetiHration, in amplifiers, 375 
ill iletGctors, 587 
ReBulalov, 224 

Relivxivtion osoi!ItitinnR, 304, 481,487 
Relays, control of, 221 
Rumoto cutgS lubps, 82 
Rcsistaiico, a-o plate. 47, fiJ, 67 
negative, 76, 477 

Kesistance-eft|mc,itiiuee filter, 377 
Hesistaricc-eouplcil luiipliliere (sec 
Ainplifici'a) 

liesislaiiCG Icindiiig of traitsfonucis, 
302 

Resonant lines as frcqucncy-coD- 
trolling elements, 470 
Reversod-Ceedbnok amplifiere, 301 
lUos method of neutralization, 420 
Riohardsou’s tvork funetion, 14 
Iloohdle salts, 46^ 

S 

fiaturaied-roaotor nethod of Ihyns- 
tron control, 235 

Saturation of iron ooroR, 192, 235, 
299-300, 342, 518 
Saturation atirrenl, 30, 134 
Screen grid, 77, flOfi 
Screen-grid by-puss cocdcuscr, ef- 
fect of, 278 
Screen-grid tubes. 70. 

gns^lled, 129 
Secondary emission, lO 
in an eloctron multiplier, 161 
in screen-grid tubes, 73, 78 
Selectivity', 389, 582 
Seicnium cell, 138 
Scries feed, 398 
Series-peaking circuit, 293 
Sheaths, positive-ion, 98, 102 
Shielding of tubes, 25, 71 
Shot effect, 314 
Side bands, 512, 539, 606 
power in, 513 

Single side-band trniisioiasion, S34 
Skin oFfect in iron, 383 
Space charge, 39, 52, 101, 133, 314 
Spaco-eharge equation, 43 
Spaco-cliarge-grid tubes, 89 


f>43 

Space current in screen-grid tubes, 
72 

Spectral aolectlvity, 21 
Square-law demodulation, compo- 
nents of, 577 

Square-law detector, 563, 575 
SquBTO-iaw modulator, 526. 
components in, 531 
performance of, 529 
Starting voltage, 3 20, 

Static clinractevistie curves (see 
Olinrocteristic curves) 
Superheterodyne rocoivor, 582-580 
Suppressor grid, 77, 81, 606 
Supprusaor-grid modulation, 534 
Sweep-circuit oscillator, 304 
Swinging choke, 198 
Symbols, 607-611 

Synchronised frequency modula- 
tion, 666 

T 

Tank circuit, 399, 000 
appre.-dmato enhitinn for, 421 
design of, 414-423 
Tuylor’fi llienrem, 489, 400 . 
Tclevistou, lubes for, 163 
Tumpcralure limits of mercury- 
vapor tubes, 105 
Totrodes, 70 
Thallous sulfide cell, 140 
Thermal agitation, 314 
Thermionic emission, 7-16 
Tlioriatcd-tungston cathodes, 10, 14 
carbonisation of, 10 
Tlircshold frequency for photoelec- 
tric emission, 20 
Thyrotron inverters, 239-245 
Thyratron inoUir, 247, 248 
Thyralrons, construction of, 120 
d-e circuits for, 227 
grid phase shift, of, 231 
phototube control of, 252 
potontial distribution curves of, 
121 ' 

scrccn-grid, 129 
starting voltage of, 120 
Tourmaline, 468 
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Tranacorriiictance, 61, C7, 76, 75, 

Trftnaformcr-coopled ompliGefO (**« 
Amplifiers) 

Transit time ot tlie electron, 37. M, 
01,250 

Transilron oncillftlor, 470 
Transmission line, os frequency con* 
trollinj; ulemont, 470 
as frrqiienej' moHiilator, 618 
Transrcctification ehfiractcristic 
curves, 567 

Transrretifieation factor, S09 
TnoOca. fiO-70, IlO-lSO 
ncorn-tJTio, SO 
cTiawete rial ICS of, £1'63 
cquivslenl input capacitsocc of, 
303 

ess-flllorl, uo 

Tubca, eansttucticn^ietnils of, 23-33 
Tuncd-Krlti-tuned-iiInta oseillator, 
446 

Tvugsr roctificr, 115 
Tussaten eethodcs, & 

V 

TTnIvorial amplification curves, 274 
Hliliration factor, IDS, C2l, C25 

V 

Vacuuu-tubc cbaracleristics, meas- 
urement of, 37, SI, 667 
\aciium-tulie cocfiicients, 07, 70 
Vacuum-lube numcnclalurC/607-611 
Vacuum-tube voltmeters, 591-^15 


Vseuusn tubes, construction ot, 23- 
3.1 

evacuation ot, 33 
V«a tier Itijl inoilulator, 633 
Vnriable-mu tubes, 82 
Vector tliaKrom, cf amplifiers, 6I--67 
ol (requeney modulation, 516 
of input circuit to ft tube, 263 
of oscillators, 458 

Video-frequency nraplificra, 257,275, 
286,200 

Virtual catbode, S3, B5, SO, 475 
Voltage amplifiers, a-f, 257, 261-310 
f-f, 257, 3,‘»-3»t 

Voltago-muItipIyinK circuits, 201 
Voltago rrpilater, 110, 231, 317 
Voltmeter, vscuum-tubc, 591-fOo 
Volutne DspaniliuE, 312 
Volume iimillng, 312 
Volutno compreasing, 313 
Volume-control ncthods, 311 
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